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Aim of the thesis 
.                                                                                                                                   .  
Insects are the most successful animals on earth. 
They have a great impact on almost all terrestrial 
ecosystems, affecting mankind by beneficial and 
harmful ways like facilitating vast amounts of 
human food production via pollination or by being 
a devastating pest to agricultural products and 
food stocks as well as spreading diseases. Among 
insects, Coleoptera are the most divers and species 
richest order, containing vast quantities of pest 
species. 
The majority of insects depends heavily on their 
olfactory system to master most tasks they 
encounter during their lifespan, like finding food 
sources, hosts, native populations, and mates, or 
to avoid predators. Despite the diversity and 
species richness of beetles, as well as their impact 
as pest, not much is known about the olfactory 
system of these animals. 
To investigate the olfactory system of Coleoptera, 
we analyzed 1) the olfactory pathway of one model 
organism in highly detail and 2) we examined 
particular brain regions of the olfactory system of 
many beetles and insects and compared them with 
each other. 
1: For the highly detailed analysis of the olfactory 
pathway of one species we worked with the red 
flour beetle Tribolium castaneum, an already 
established model organism in some fields of 
biology like in development and evolution. 
Experiments requiring genetic methods had been 
performed in cooperation with the Georg-August-
Universität Göttingen. Based on 
immunohistochemical stainings we created 
3D-reconstructions of adult and larval brains, 
helping us to identifying the most prominent brain 
structures, as a starting point for following 
projects. On this basis, we decrypted the olfactory 
pathway of the adult T. castaneum. This includes 
A) morphological data of the antenna with its 
olfactory sensilla and neuroanatomical data of the 
brain structures involved in olfaction, as well as 
B) molecular data from antennal structures 
involved in olfaction (like olfactory respectively 
gustatory receptors or olfactory binding proteins). 
Furthermore, we identified neuropeptide families 
within the primary and one higher integration 
center for olfaction - namely the antennal lobe (AL) 
and mushroom body (MB) - of T castaneum. 
Additionally, we investigated one neuropeptide 
family and its respective receptor within the brain 
of T. castaneum in detail. We compared this 
neuropeptide family and its receptor with two 
structurally similar and closely related 
neuropeptide families and their receptors.    
2: The second focus of this thesis was the 
investigation of single features of the olfactory 
pathway and their comparison between different 
coleopteran-, respectively insect species. In one 
project we studied the distribution of eight 
neuropeptide families within the MB of 24 
different insect species and compared them with 
each other, looking for potential evolutionary 
correlations. Furthermore, we analyzed the AL of 
63 different Coleoptera and found an unusual 
architecture of the AL in some species. In a related 
project we investigated such an unusual 
architectured AL of one species (the small hive 
beetle Aethina tumida) highly detailed. 
In this thesis, the brain architecture and especially 
the olfactory system of Coleoptera had been 
investigated for the first time in high detail. We 
revealed new insights regarding the olfactory 
(respectively chemoreceptive) pathway of these 
animals. The findings will help to establish 
T. castaneum as the fist coleopteran model 
organism for insect neuroscience and in particular 
for insect olfaction. 
The single projects of this thesis will be described 






_                                                                                                                                          _
The Impact of insects 
Insects exist for at least 400 million years. Since 
then they invaded and adapted to all terrestrial 
ecological niches. Thereby they had become the 
species richest and most diverse class on earth, 
reflected by most different morphologies, 
lifestyles, and behaviors. Rendering them as the 
most successful and dominating class in the animal 
kingdom (Grimaldi and Engel, 2005). From the 
about 1.4 million described recent animal species, 
approximately 70% are insects (Chapman, 2009). 
By performing tasks like pollination, maintaining 
soil structure and fertility, dispersing seeds, 
decomposition of detritus, and providing vast 
amounts of animal protein in the early stages of 
most terrestrial food webs they are an essential, 
biological basis for all terrestrial ecosystems and 
thereby have dramatic effects on world’s 
ecological systems  (Carpenter, 1928; Majer, 1987; 
Shurin et al., 2005). 
Insect's impact on humans: For us humans, insects 
have particular effects on the economy, food 
supply, agriculture, and health care system. Insects 
pollinate crops and other food items, they help to 
maintain the quality of grazing land, controlling 
pests, and they are providing merchandise like 
honey, shellac, cochineal, silk, or wax (Glover, 
1867; Konishi and Ito, 1973; Waterhouse, 1974; 
Sheppard, 1989; Shimanuki, 1992; Metcalf and 
Metcalf, 1993; New, 1994; Hoebeke and Beucke, 
1997; Morse and Calderone, 2000; Losey and 
Vaughan, 2006). On the other hand they cause 
serious threats for mankind by being a major pest 
for agricultural and stored food products and by 
spreading disease for humans and life stock.  
Insects and agriculture: Insects damage huge 
amounts of agricultural products before harvesting 
as well as stored agricultural and processed food 
products (Altieri and Nicholls, 2004). More than 
400,000 of the 1.4 million described insect species 
are herbivores (New, 1988), of which most are 
Coleoptera and Lepidoptera, making insects to our 
most important competitors for plant derived 
foods. Insects destroy annually agricultural 
products worth hundreds of billions of dollars, 
while invasive species threaten to cause economic 
losses worth trillions of dollars, making pest 
control a multibillion dollar market (Perlak et al., 
1993; Metcalf and Luckmann, 1994; Cox, 1999; 
Nowak et al., 2001; Myers and Hosking, 2002; 
Simberloff, 2003; Altieri and Nicholls, 2004; Hood, 
2004; Muirhead et al., 2006; Müller et al., 2008; 
Foottit and Adler, 2009; Safranyik et al., 2010; 
Priceet al., 2011; Fera, 2012; Stadelmann et al., 
2013; Seidl et al., 2014). 
Uprising global civilization (Gerland et al., 2014), 
increasing demands of meat consumption in BRIC 
states (containing almost half of the world's 
population) (Henderson, 2011; Ciochetto, 2013; 
Vlad et al., 2011), and the uprising market for 
biofuels (Mitchell, 2008; Rosegrant, 2008), caused 
by dwindling oil reserves (British Petroleum, 2014) 
will elevate our needs for more suitable 
agricultural products. Therefore effective pest 
management will be of huge significance in the 
near future and one key for such a pest 
management is the insect olfactory system (Howse 
et al., 1998; Witzgall et al., 2010; Zhou et al., 2010).  
Disease-carrying insects: Insects are also the 
vectors for plenty diseases for humans like malaria, 
typhus, chagas, and yellow and dengue fever, 
(http://www.who.int/mediacentre/factsheets/fs38
7/en/; accessed 2015.11.11) as well as for 
livestocks like swamp fever, bluetongue disease, 
African horse sickness, Venezuelan equine 
encephalitis, or cattle grubs heel flies (Steelman, 
1976; Hungerford, 1990). Comparable to the 
agricultural pest management, the olfactory 
system of insects is considered to be a keystone in 
management of disease-carrying insects (Justice et 
al., 2003; Carey and Carlson, 2011). 
 
Orientation mechanisms in insects 
Animals have to orientate for plenty reasons, to 
find food/pray, mating partners, oviposition or 
nesting sides, shelter, and to avoid predators, or 
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dangerous environments (Lehrer, 1997). Therefore 
animals have to have sense organs, allowing them 
to get a proper neuronal representation of its 
surrounding to orientate towards or against an 
object, target, or obstacle.  
The orientation senses can be divided into two 
basic types, senses primarily for near and for wide 
field orientation. Prominent senses for near field 
orientation in insects are the tactile sense and 
gustation (Singh, 1997; Krause and Dürr, 2001). 
The visual system can be used effectively for 
orientation over long distances / migration via sky 
compass orientation, via chromatic and intensity 
gradients at the horizon, or via celestial landmarks 
like the milkyway or the moon (Sotthibandhu and 
Baker, 1979; Wehner et al., 1996; Gould, 1998; 
Homberg, 2004; Dackeet al., 2013; El Jundi et al., 
2014). However, biased on low special / angular 
resolution and the missing ability of focusing, it is 
rather difficult to use the visual system for 
orientation toward an object in far distance 
(Wehner and Gehring, 1995; Dettner and Peters, 
2011). Prominent senses for wide field orientation 
are e.g. the acoustic sense primarily used for 
acoustic communication (chiefly to attract mating 
partners) or for acoustic recognition of predators 
(most prominently against echolocating bats) 
(Hedwig, 2013; Göpfert and Hennig, 2015). The 
most imported senses for wide field orientation 
(towards an object) in most insects is considered to 
be the olfactory senses, allowing insects to detect 
objects in long-range distance, even if direct side is 
blocked (Lehrer, 1997; Schütz et al., 1999; Angioy 
et al., 2003). This makes the understanding of the 
insect olfaction to an important key for an effective 
management of disease-carrying and pest insects 
(Howse et al., 1998; Justice et al., 2003; Witzgall et 
al., 2010; Zhou et al., 2010; Carey and Carlson, 
2011). 
 
The olfactory system of insects 
For the majority of insects, olfactory cues are vital 
for most tasks they encounter during their life 
history. Airborne volatiles can guide insects over a 
long distance to food sources, hosts, native 
populations, and mating partner, or to avoid 
predators (Borden, 1985; Visser, 1986; Scrimgeour 
et al., 1994; Abjörnsson et al., 1997; Tegoni et al., 
2004; Dahanuka et al., 2005; Whiteman and Pierce, 
2008; de Bruyne et al., 2010; Herbst et al., 2011; 
Leal, 2013). Over much shorter distances olfactory 
(as well as gustatory) cues can be used to 
distinguish between different food qualities, to 
avoid toxins or harmful substances; to differentiate 
between more or less suitable mating partners, to 
communicate intra- or interspecifically, and to find 
the best spot at a proper ovipositon site (Laska et 
al., 1999; Johansson and Jones, 2007; Liu et al., 
2008; Whiteman and Pierce, 2008; Yang et al., 
2008; Dicke, 2009; Weiss et al., 2011; Stensmyr et 
al., 2012; Sun et al., 2012; Linz et al., 2013; 
Paczkowski et al., 2014). The insect’s olfactory 
sense can give the animals detailed information of 
odor identity, intensity and spatiotemporal 
distribution (Hansson et al., 1992; Hansson, 1995; 
Christensen et al., 1996, 2000; Hansson and 
Christensen, 1999; Vickers et al., 2001). For 
example, even less than six odor molecules, hitting 
the antennae of the moth Spodoptera littoralis 
triggered a behavior by altering the cardiac activity 
(Angioy et al., 2003). 
 
The antenna and its morphology 
The signal perception of the olfactory pathway 
starts at the surface of the antenna, the main odor 
perceiving organ in insects (von Frisch, 1921). 
There are two principal types of antenna found in 
Hexapoda (Schneider, 1964). The fist type is the 
segmented antenna which possesses several 
segments, with comparable design and muscles in 
all segments save the most distal segment. In 
Hexapoda this type can be found in Collembola 
and Diplura. The second type, found in the rest of 
the Hexapoda, is the flagellar antenna (annulated 
antennae) which can be separated in 
substructures: the scape, pedicel, and a flagellum 
(from proximal to distal), while the flagellum can 
be further subdivided in different segments. This 
antenna type has only muscles in the scape (Imms, 
1938; Dettner and Peters, 2003).  
The shape of the flagellum, which can vary 
tremendously between different species (Fig. 1), is 
adapted to the lifestyle of the animal (such as  




and Stensmyr, 2011). Typically, the surface of the 
antenna is enlarged by elongation, thickening, 
branching, faulting, feathering, or similar 
modifications to give more space for sensilla 
(Imms, 1938). Example given, the antenna of the 
male silk moth Bombyx mori is less than 10 mm 
long, but because of its multiple branching, its 
surface is about 24 - 29 mm² (Schneider and 
Kaissling, 1957; Steinbrecht, 1970). However, more 
ancestral Hexapoda have antennae with fewer 
olfactory sensilla (Misof et al., 2007; Rebora et al., 
2008) and Collembola and Diplura have antenna 
with huge flexibility of movement (based on the 
musculature throughout their antennae) 
(Schneider, 1964), indicating that insect antennae 
might have evolved from structures that mainly 
mediated mechanosensory input (Hansson and 
Stensmyr, 2011). 
 
The olfactory sensilla 
Along with sensilla suitable for tasks like gustation, 
hygroscopy, mechanoreception, and 
thermoreception, the insect antenna houses the 
olfactory sensilla. All or just same parts of the 
antenna are covered - to various extents - with 
olfactory sensilla (Schneider and Kaissling, 1957; 
Stocker, 2001; Misof et al., 2007; Rebora et al., 
2008). The olfactory sensilla have a wide range of 
shapes, structures, and thereby classification 
(Schneider, 1964; Schneider and Steinbrecht, 1968; 
Altner, 1977; Steinbrecht, 1997). Typically, they 
occur in the form of pegs, hairs, or plates (Altner 
and Prillinger, 1980). Despite their variations in 
shape and structure they have the same function, 
to enclose und shield the sensitive dendrites of the 
olfactory sensory neurons (OSN), which detect the 
odor molecules (Zacharuk, 1980). 
Olfactory sensilla at the mouthparts:  Beside the 
antenna, olfactory sensilla have been described 
also on the maxillary and/or the labial palps of 
some taxa like Diptera (Anton et al., 2003; Jones et 
al., 2007; Kwon et al., 2007, Lu et al., 2007; Syed 
and Leal, 2007; Vosshall and Stocker, 2007; Pitts et 
al., 2011; Maeda et al., 2014; Rinker et al., 2015) 
and Lepidoptera (Lee et al., 1985; Bogner et al., 
1986; Kent et al., 1986, Lee and Altner, 1986; Zhao 
et al., 2013), presumably contribution to the 
proper perception of olfactory stimuli. 
The ultrastructure of the sensilla: The external 
structure of olfactory sensilla consist of a 
sclerotized cuticle (Schneider, 1964). To overcome 
this barrier and to reach the OSN, air borne odor 
molecules have to pass the cuticle via pores, which 
can be found at various regions of the sensilla. 
Typically, such a pore consist of a deepening (the 
pore kettle), which branches into various pore 
tubules, extending into the lumen of the sensilla 
(Fig. 2 A and B) (Ernst, 1969; Keil, 1987; 
Steinbrecht, 1997). The interior of an olfactory 
sensillum is filled with aqueous sensilla lymph 
(liquor), preventing the dendrites of the OSN from 
Fig. 1: Shapes of different antenna types found in insects. The varieties of shapes range from less segmented types 
(aristate and stylate), to types with many segmentations (like clavate or geniculate), sometimes with additional 
arborization (like plumose or flabellate) increasing the surface of the antenna and thereby enable the antenna to bear 
more sensilla. From https://en.wikipedia.org/wiki/Antenna_(biology) [accessed 2015.08.29]. 
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desiccation. Usually the OSN are associated with 
three different types of auxiliary cells, the 
trichogen, the tormogen, and the thecogen cells. 
During the development of an animal the hollow 
cuticular hair shaft and its inner sensillar lymph 
cavity is created by the trichogen and tormogen 
cells. This cells are capable to control the ion 
composition of the sensillum lymph and they 
produce vast amounts of odorant binding proteins 
(OBP) (Steinbrecht et al., 1992; Steinbrecht, 1998; 
Steinbrecht and Gnatzy, 1984; Keil, 1989). The 
thecogen cells envelope the soma and the basal 
part of the dendrites of the OSN, so that only the 
distal parts of the dendrite extends into the 
sensillum cavity (Schneider, 1964; Dettner and 
Peters, 2003; Stengl, 2010). The number of OSN 
per sensillum (and thereby also of the auxiliary 
cells) can vary among species (Starausfeld and Lee, 
1990;  Shanbhag et al., 1999). 
Fig. 2: A) Schematic drawing of the distal part of an insect olfactory sensillum.  The odorants (O) can enter the 
sensillum via the pores (P) in the cuticle (C) and are bound by the odorant binding proteins (OBP) in the sensillar lymph 
(SL).  The OBP carries the odorant to the odorant receptor (OR) embedded in the cell membrane (CM) of the 
olfactory sensory neuron (OSN).  In close proximity to the CM, the OBP release the odorant and it activates an OR. 
An odorant-degrading enzyme (ODE) degrades the odorant and thereby prevent the continuous excitation of the 
OSN. B) Schematic drawing of a pore in the cuticula (C) of the sensillum, consisting of the pore kettle (PK) separating 
into multiple pore tubes (PT), which terminating in the sensillum lymph (SL). C) There are two widespread models for 
odorant signalling pathways in insects:  Ionotropic model: The ORx and the Orco functions together as an ion 
channel.  Metabotropic model: The odorant activated specific odorant receptor (ORx) triggers via a G-protein (Gαs 
and the γ and β subunit) an adenylate cyclases (AC), which turns adenosintriphosphat (ATP) into cyclic 
adenosinmonophosphate (cAMP), which opens the general receptor (Orco), acting as an ion channel. A) Modified after 




The odorant binding proteins (OBP) 
In rare cases, the pore tubules of the sensilla  
extend directly onto the surface of the OSN (Lopes, 
2002), but typically the hydrophobic airborne odor 
molecules have to pass the aqueous sensillum 
lymph to reach the OSN. To effectively pass the 
aqueous sensillar lymph, it is supposed that the 
hydrophobic odors have to interact with OBP. OBP 
can be separated into two groups, the male 
specific pheromone binding proteins (PBP) and the 
general odorant binding proteins (GOBP). OBP are 
secreted in high concentration into the sensillar 
lymph mainly by trichogen and tormogen cells 
(Steinbrecht and Gnatzy, 1984; Keil, 1989; 
Steinbrecht et al., 1992; Steinbrecht, 1998). They 
are small, water soluble, globular proteins 
(generally 135–220 amino acids long) (Vogt, 2003; 
Sánchez-Gracia et al., 2009) and the numbers of 
genes coding for OBP vary dramatically among 
different species (from 4 in Pediculus humanus to 
81 in Anopheles gambiae) (Wang et al., 2014). The 
gene family of the OBP is presumably as old as 
insects themselves, most likely evolved as an 
adaptation to the living on land, that made 
detection of airborne odors necessary (Forêt and 
Maleszka, 2006; Vieira and Rozas, 2011). But it is 
important to note that the vertebrates' OBP belong 
to the lipocalin family that are not homologues to 
the insects' OBP (Bianchet et al., 1996). 
Function of the OPB: The exact function of the 
OPB is yet not fully understood (Laughlin et al., 
2008; Hansson and Stensmyr, 2011; Leal, 2013). A 
widely accepted hypothesis is that OBP function as 
carriers that bind and transport the 
odor/pheromone molecules to the dendritic 
membrane of the OSN (Fig. 2 A  and ), where 
they can interact with the OR (Fig. 2 A ). How the 
binding proteins release the odorants at the OSN 
membrane is still under debate. This release 
mechanism is presumably facilitated by a pH-
dependent conformational change of the binding 
protein (Rützler und Zwiebel, 2005; Leal, 2013). 
However, in Drosophila melanogaster still a low 
response to the pheromone could be measured, 
when its sensilla lack PBP (Syed et al., 2006).  This 
indicates that the OBP, respectively the PBP 
contribute enormous to the sensitivity of the insect 
olfactory system, but that it is not crucial for the 
perception of odor.  
The odorant-degrading enzymes (ODE) 
ODE belong to the biochemically diverse classes of 
detoxification enzymes. They are secreted into the 
sensilla lymph (Chertemps et al., 2012) or they 
might be embedded into the OSN membrane 
(Maïbèche-Coisne et al., 2004). They degrade (Vogt 
et al., 1985) or modify (Rybczynski et al., 1989) (Fig. 
2 A ) the odors/pheromones with a turnover 
number ranging from kcat = 0.4 to about 1500 s
-1
 
(Younus et al., 2014) and thereby removing the 
odors/pheromones from the sensilla lymph. This 
prevents continuous excitation and sensory 
adaptation of the OSN by already detected odor 
molecules and enable the OR to be activated more 
likely by odor molecules which entered the sensilla 
more recently. This mechanism is an improvement 
of the temporal resolution of odor/pheromone 
detection and discrimination and allows the animal 
to swiftly respond to changes in the odor 
environment (Jacquin-Joly and Merlin, 2004; 
Durand et al., 2011; Younus et al., 2014). 
 
Chemosensory neurons of the antenna  
In the Insect antenna usually three receptor 
families are involved in chemoreception, namely 
the odorant receptors (OR), the ionotropic 
receptors (IR), and the gustatory receptors (GR) 
(Vosshall and Stocker, 2007; Gu et al., 2014; Leal, 
2013; Missbach et al., 2014). The three types are 
usually not coexpressesed in the same neuron 
(Benton et al., 2009).  
However, most insects investigated so far have 
more genes coding for OR, than for IR or GR. Also, 
the number of genes expressed within the 
antenna, coding for OR, is typically  higher than the 
number of expressed genes for IR or OR (Dippel et 
al., submitted [chapter 3]; Vosshall and Stocker, 
2007; Pitts et al., 2011).  
The Odorant receptors (OR): The OR are 
embedded into the dendritic membrane of the 
OSN. OR are seven transmembrane-domain 
receptors. Compared to the G protein-coupled 
odorant receptors known from vertebrates, they 
have an inverted transmembrane topology (Benton 
et al., 2006; Lundin et al., 2007). An additional 
difference between the OR of vertebrates an 
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insects is that insect OR form functional 
heteromers, typically consisting of a ligand-binding 
OR (also called tuning receptor or specific receptor 
and often abbreviated as ORx) and a general 
odorant receptor, the so-called odorant receptor 
co-receptor (Orco).  (Vosshall et al., 2000; Larsson 
et al., 2004; Sato et al., 2008; Wicher et al., 2008; 
Smart et al., 2008; German et al., 2013; Mukunda 
et al., 2014). In all Insecta investigated so far, one 
Orco could be identified (with exception of the 
ancestral hexapoda Thermobia domestica, which 
posess three Orco candidates [Missbach et al., 
2014]). 
Originally, Orco had been termed different in 
different species (e.g. OR83b in D. melanogaster or 
OR1 in Tribolium castaneum), but due to their 
similarity, they all had been recently renamed as 
Orco (Vosshall and Hansson, 2011). Beside their 
function as part of the heteromeric receptor 
complex, Orco plays a role as chaperone, necessary 
for the integration of the ligand-binding OR into 
the dendritic membrane of the OSN (Larsson et al., 
2004). 
The OR genes, coding for the ligand-binding OR 
(ORx) are highly divergent within insects, while the 
genes, coding for Orco are highly conserved among 
insect species. Both - ORx and Orco - couldn't be 
found outside the Insecta (Nakagawa et al., 2012; 
Missbach et al., 2014). They are not homolog to 
the OR described in vertebrates and nematodes 
(Clyne et al., 1999, Vosshall et al., 1999). The 
number of genes can vary within the insecta, 
reaching from just 10 (in P. humanus: Kirkness et 
al., 2010) to several hundreds (as observed in T. 
castaneum: Dippel et al., submitted [chapter 3]). 
Beside Orco, each OSN expresses usually only one 
type of ORx. The molecular transduction 
mechanism of the Orco-ORx heteromers is still 
under debate, an ionotropic and a metabotropic 
mechanism is postulated (Sato et al., 2008; Wicher 
et al., 2008; Smart et al., 2008; Ha and Smith, 2009; 
Martin and Alcorta, 2011; Getahun et al., 2013; 
Nolte et al., 2013; Stengl and Funk, 2013) (Fig. 2 C 
 and ). 
Both models have advantages and downsides. In 
the ionotropic model, the molecular transduction 
mechanism works very fast, due to non additional 
signal transduction, allowing a high temporal 
resolution (Fig. 2 C ). This would be beneficial for 
insects that fly through odor plumes in the air, 
trying to localize odorant sources. The 
metabotropic model on the other hand would lack 
such a high temporal resolution (Fig. 2 C ), but 
based on the amplifier cascade of the effector 
enzymes that produces second messengers and 
the second messenger themselves, this model 
would possess a high sensitivity. Important for 
insects that have to detect (small/week) odorant 
sources over a far distance. These two models are 
not mutually exclusive and it is likely, that even in 
one species both models could be realized in 
different sensilla, different OSN, or maybe even 
within the same OSN (Sato et al., 2008; Smart et 
al., 2008; Wicher et al., 2008; Martin and Alcorta, 
2011; Getahun et al., 2013; Nolte et al., 2013; 
Stengl and Funk, 2013; Guidobaldi et al., 2014). 
Ionotropic receptors (IR): IR are much older than 
OR, they belong to the family of the ionotropic 
glutamate receptors (iGluRs), and they are a highly 
conserved family of ligand-gated ion channels 
embedded into the dendritic membrane of the 
OSN (Benton et al., 2009; Peñalva-Arana et al., 
2009; Croset et al., 2010), where they supposedly 
form tetrameric complexes (Gu et al., 2014). IR can 
be found in the olfactory organs across all 
Protostomia (Croset et al., 2010), and seems to be 
conserved within insects (Gu et al., 2014; Rytz et 
al., 2013). IR are discussed to be the ancestral type 
of receptors important for chemical perception 
over a long distance. The number of genes coding 
for IR can vary within insects, ranging from 10 (in 
Apis mellifera) to 95 (in Aedes aegypti) (Croset et 
al., 2010). 
Detailed data of this receptor type is mostly limited 
to D. melanogaster. In D. melanogaster, 16 of the 
66 genes for IR are expressed in the dendrites of 
OSN in the antenna (Benton et al., 2009; Croset et 
al., 2010). OSN expressing IR can be found in high 
number in coeloconic sensilla, as well as in the 
arista and sacculus. The arista and sacculus are 
structures of the Drosophila antenna, beside 
olfaction, this structures are also involved in 
hygrosensory and thermosensory, but weather the 
IR are also involved in this functions remains 
unknown (Foelix et al., 1989; Shanbhag et al., 
1995; Benton et al., 2009; Abuin et al., 2011; Gallio 




basiconic and trichoid sensilla in low 
concentration, however there function in this 
sensilla is unclear (Benton et al., 2009).   
In comparison to OR, IR are normally not 
co-expressed with Orco. Only the IR76b is in one 
coeloconic sensilla subtype (ac3) co-expressed with 
OR35a and Orco. Apart from IR76b and in analogy 
to ORx and Orco, the IR are typically co-expressed 
with IR8a or IR25a, rendering this two IR as IR 
co-receptors. This two co-receptors could also be 
identified in the moth  Agrotis ipsilon (Gu et al., 
2014). The non co-receptor IR will be termed IRx in 
this introduction. 
Usually, OSN expressing IR are less sensitive and 
less broadly tuned than OSN expressing OR and 
they detect other classes of odors than OSN 
expressing OR. Typically, OSN expressing the 
co-receptors IR8a mainly respond to carboxylic 
acids/aldehydes, while OSN expressing the 
co-receptors IR25a mainly respond to amines. 
Additionally IR in general responds usually little or 
not to esters, alcohols, and ketones  (de Bruyne et 
al., 2001; Yao et al., 2005; Hallem and Carlson, 
2006; Silbering et al., 2011, Getahun et al., 2012). 
However, in A. ipsilon one IR could only be 
identified exclusively in the male antenna (IR12), 
rendering this IR as an IR involved in detection of 
female sex pheromones (Gu et al., 2014). 
Gustatory receptors (GR): Comparable to OSN 
express OR respectively IR, gustatory receptor 
neurons (GRN) express GR. But while OSN are 
typically more restricted to the antenna and partly 
to mouthparts, GRN could be identified at the 
antenna, mouthparts, legs, wings, and at the 
female ovipositor. They can be found in specific 
taste/gustatory sensilla like taste bristles or taste 
pegs. Apart from this external structures, GRN 
have also been observed within the pharynx 
(Dahanukar et al., 2005; Vosshall and Stocker, 
2007). 
The number of genes coding for GR can vary within 
insects, ranging from 53 in A. mellifera (Wang et 
al., 2014) to 220 in T. castaneum (Dippel et al., 
submitted [chapter 3]). GR are a divergent group of 
receptors, distantly related to OR (Robertson et al., 
2003). GR are mainly important for perception of 
sweet (Dahanukar et al. 2001, Dunipace et al. 
2001, Wang et al. 2004) and bitter (Dunipace et al. 
2001, Wang et al. 2004) taste, but they also 
supposed to be involved in thermotaxis (Montell, 
2013). 
Beside GR, GRN express additional receptors for 
taste perception like degenerin/epithelial sodium 
channel (DEG/ENaC) for the taste of salt (Vosshall 
and Stocker, 2007). 
Of particular interest for olfaction are the CO2 
receptive GR, indentified in several insect species 
(Robertson and Kent, 2009). Neurons expressing 
such GR are often classified as OSN. However, in D. 
melanogaster OSN detecting CO2 express two GR 
(Gr21a and Gr63a) (with paraloges identified in 
other species [Robertson and Kent, 2009]). In D. 
melanogaster, Gr21a and Gr63a forming a 
heterodimer, important for proper CO2 perception 
(Jones et al., 2007). In D. melanogaster, the CO2 
receptive OSN are located in antennal sensilla (Suh 
et al., 2004; Benton et al., 2006; Faucher et al., 
2006) and projecting in a single glomerulus of the 
AL, not innervated by OSN expressing other OR 
and/or GR (Vosshall and Stocker, 2007).  
Similar observations of AL innervation of CO2 
receptive OSN had been made in Lepidoptera, 
there the CO2 percepting OSN are located in the 
palps und projecting into a single AL glomerulus 
(Kent et al., 1986), comparable to the mosquito Ae. 
aegypti (Distler and Boeckh, 1997) and An. 
gambiae (Anton et al., 2003). 
 
The antennal lobes (AL) and their glomeruli 
The OSN axons of the antenna form the antennal 
nerve (AN), that projects towards the brain and 
enters typically the ipsilateral of the paired AL. The 
AL are the fist olfactory integration centers of the 
insect brain (Fig. 3). Typically, they consists of 
small, spherical substructures, the so-called 
olfactory glomeruli, the functional units of the AL. 
These glomeruli are dense synaptic neuropils, 
more or less enwrapped by glia (Schachtner et al., 
2005; Hansson and Stensmyr, 2011). Within most 
Insecta, usually about 40 to 80 glomeruli can be 
found, e.g., in the ensiferan Orthoptera, and 
Diptera, but much more - up to 500 -  had been 
described in several species like in ants (Ignell et 
al., 2005, Schachtner et al., 2005; Ghaninia et al., 
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2007; Mysore et al., 2009). The number of 
glomeruli, their size, shape, and position in the AL 
is genetically determined and typically in different 
individuals of the same species similar (with 
exception of sexual dimorphisms) (Laissue et al., 
1999; Berg et al., 2002), but it is known, hat the 
olfactory input / environment can have an effect 
on the glomeruli size (Sachse et al., 2007).  
Sexual dimorphism at the level of the AL: In the 
olfactory system of male insects, OR responsible 
for detection of the female sex pheromones 
project in specific glomeruli (like observed in 
beetles, cockroaches, bees, ants, wasps, moths, 
flies, and mosquitoes). In many of these species, 
sex glomeruli are noticeable larger than the 
remaining glomeruli. Their number per AL ranges 
typically from one to five. In many species they are 
forming the so-called “macroglomerular complex”. 
Also in females of some of these species such 
enlarged glomeruli can be found. There they 
termed “female sex specific glomeruli” and they 
are important to detect host plants for oviposition 
or in ants to detect trail pheromones (Jawlovski, 
1948; Schachtner et al., 2005; van der Goes van 
Naters and Carlson, 2007; Vosshall und Stocker, 
2007; Hu et al., 2011).  
Sex glomeruli are typically arranged in the area of 
the AL where the AN enters the AL (Hansson, 1997; 
Anton and Homberg, 1999; Schachtner et al., 2005; 
Kleineidam et al., 2005). It is under debate, 
weather the glomeruli of the “macroglomerular 
complex” and the “female sex specific glomeruli” 
are homologue or not (Rospars and Hildebrand, 
2000).  
Beside the differences in size of some glomeruli, 
also the number of glomeruli can differ between 
sexes like in the honey bee or in ant species 
(Arnold et al., 1985; Nishikawa et al., 2008; Kuebler 
et al., 2010). 
The AL circuit: Usually, all OSN expressing the 
same type of ORx project their axons into the same 
glomerulus, creating thereby a chemotropic map-
like representation of chemical coding in the AL 
(Vosshall, 2000; Stocker 2001; Keller and Vosshall, 
2003). This results in the central dogma of 
olfaction: One OSN expressing only one type of 
ORx and all OSN, expressing the same type of ORx, 
Fig. 3: Schematic drawing of the head capsule from the red flour beetle Tribolium castaneum, highlighting the most 
important compartments of the olfactory pathway. AN, OSN (blue part shown in the left antenna), the three ALT, LN, 
and KC are only illustrated at the left side. AL = antennal lobe, AN = antennal nerve, KC = Kenyon cells, lALT = lateral 
antennal lobe tract, LH = Lateral horn, LN = local interneurons, mALT = medial antennal lobe tract, MB = mushroom 




converge into the same glomerulus (1 ORx/1 
OSN/1 glomerulus) (Jefferis, 2005; Smith, 2008). 
Comparable to ORx, also OSN expressing IRx, 
respectively CO2 receptive GR (Gr21a and Gr63a in 
D. melanogaster), project their axons into the 
same glomerulus (Vosshall and Stocker, 2007; Rytz 
et al., 2013). Furthermore, with some exceptions 
(like Gr21a together with Gr63a, or IR76b together 
with OR35a and Orco), usually no glomerulus is 
innervated by OSN expressing different specific 
chemoreceptive receptor (ORx, IRx, and/or CO2 
receptive GR) (Kent et al., 1986; Distler and 
Boeckh, 1997; Anton et al. 2003; Vosshall and 
Stocker, 2007; Rytz et al., 2013). Indicating that the 
central dogma of olfaction does not solely apply to 
ORx, but likewise to IRx, and CO2 receptive GR. 
Resulting in the speculative, expanded central 
dogma of olfaction: 1 specific chemoreceptive 
receptor/1 OSN/1 glomerulus. 
A particular odor is encoded via a unique spatial 
and temporal activation pattern of glomeruli 
within the AL. By a constant odor concentration, 
this pattern is reproducible for a given odor in 
different individuals of the same species (Galizia et 
al., 1999; Sachse et al., 1999), indicating that these 
activation patterns are genetically determined. 
However, this spatial and temporal activation 
pattern can change with different odor 
concentrations (Sachse and Galizia, 2003; Strauch 
et al., 2012; Daly et al., 2015) or by adaptation or 
learning (Sachse et al., 2007; Galizia, 2014).  
But how does the circuit in the AL looks like? 
Beside the axons of OSN, the glomeruli also 
contain the dendrites of local interneurons (LN) 
(Fig. 3), the dendrites of projection neurons (PN), 
and the axons of centrifugal neurons (CN) 
(Schachtner et al., 2005; Hansson and Stensmyr, 
2011, Tanaka et al., 2012). 
Local interneurons (LN) of the AL: The axons of the 
cholinergic OSN enter typically the ipsilateral AL 
and their information is processed by a complex 
network of LN and is forwarded by PN (Schachtner 
et al., 2005; Tanaka et al., 2012; Galizia, 2014).  
Sometimes this dendrites branche in just one 
(uniglomerular) or few glomeruli, but typically they 
branch in many, if not all glomeruli 
(multiglomerular) of the AL. LN lack any 
arborizations outside the AL while their somata are 
arranged in one or several clusters near the AL. By 
interconnecting the glomeruli with each other. The 
LN help to structure olfactory representation of the 
odor via inhibiting, sometimes exiting, or 
modulating the OSN, respectively the PN. This brings 
several advantages like enhanced contrast across 
odors, enhanced sensitivity, or some olfactory 
generalisation across odor concentrations (Stopfer 
et al., 1997; Sachse and Galizia, 2002; Schachtner 
et al., 2005; Masse et al., 2009; Wilson, 2013; 
Galizia, 2014).  
For inhibition and excitation, the LN contain the 
inhibitory transmitter gamma amino-butyric acid 
(GABA), histamine, or glutamate, or they can 
contain the excitatory transmitter acetylcholine 
(Stopfer et al., 1997; Sachse and Galizia, 2002; 
Wilson and Laurent, 2005; Olsen et al., 2007; 
Shang et al., 2007;  Silbering and Galizia, 2007; 
Olsen and Wilson, 2008; Okada et al., 2009; Tanaka 
et al., 2009; Chou et al., 2010; Dacks et al., 2010; 
Olsen et al., 2010; Root, 2010; Wilson, 2013; 
Galizia, 2014; Fusca et al., 2015; Nagel et al., 2015). 
They also contain a vast set of neuropeptides 
(Homberg, 2002; Nässel, 2002; Schachtner et al., 
2005; Carlsson et al., 2010; Neupert et al., 2012; 
Binzer et al., 2014; Siju et al., 2014, Fusca et al., 
2015).  
Projection neurons (PN) of the AL: PN have their 
dendrites located in the AL, while there axons 
project to other brain areas, particularly the 
ipsilateral MB and LH, typically their somata are 
placed near the AL (Schachtner et al., 2005; 
Wilson, 2013; Galizia, 2014). While the LN are 
usually multiglomerular, PN can be either 
uniglomerular or multiglomerular. Each 
glomerulus, which is targeted by dendrites of a 
uniglomerular PN, is typically targeted by dendrites 
of several similar architectured uniglomerular PN,  
termed sister PN. PN which releas neuromediators 
at their dendrites had been observed in D. 
melanogaster, allowing them to excite/modulate 
further PN or LN of the glomerulus. Typically, the 
majority of uniglomerular PN projecting to the MB 
and LH are excitatory/cholinergic, while most 
multiglomerular PN projecting  to the LH are 
inhibitory/GABAergic. (Stopfer et al., 1997; Sachse 
and Galizia, 2002; Schachtner et al., 2005; Masse et 
al., 2009; Wilson, 2013; Galizia, 2014). 
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Depending on the species, the axons of the PN are 
typically arranged as one, two, or three distinct 
antennal lobe tracts (ALT) (Fig. 3) (Galizia and 
Rössler, 2010). 
Centrifugal neurons (CN) of the AL: In addition to 
the axons of OSN, the AL is also targeted by axons 
from other neurons, the so-called CN. The 
dendrites and somata of the CN lie in other regions 
of the central nerves system. Typically, the axons 
of the CN branch into many or all glomeruli of the 
AL, but also innervations of a single glomerulus has 
been observed (Kollmann et al., 2011). This 
neurons occur in rather small numbers (Schachtner 
et al., 2005; Galizia, 2014).  
In some species, neurons that might give feedback 
information from the LH, respectively MB to the AL 
had been described (Rybak and Menzel, 1993; 
Kirschner et al., 2006; Hu et al., 2010). Thereby this 
neurons, originating from higher olfactory 
processing centers, could shape the processing of 
the olfactory input of the AL, the primary 
integration center for olfaction. 
An additional type of PN, which could shape the 
function of the AL had been observed in many 
species across the insects, characterized by its 
serotonin immunoreactivity and by its shape 
(which can by varying in detail among certain 
groups). There somata are arranged in close 
proximity to the AL while there dendrites typically 
located in the protocerebrum, as well as in the AL 
(Dacks et al., 2006). From flies and moth it is 
known, that serotonin can modulate the sensitivity 
of odors as well as of sex pheromones (Linn and 
Roelofs, 1986; Kloppenburg and Hildebrand, 1995; 
Hill et al., 2003; Gatellier et al., 2004; Dacks et al., 
2009). 
A further type of PN, which is supposed to be 
homolog within the insects, has its somata at the 
midline of the gnathal ganglia, it is octopaminergic 
and projects its axons in many, if not all glomeruli 
of the AL of both hemispheres (Schachtner et al., 
2005; Schröter et al., 2007).  
Also peptidergic PN had been described in several 
species. For example, the pars intercerebralis of 
several insects contains typically four prominent 
SIFamidergic somata, innervating typically vast 
regions of the entire brain including the AL 
(Carlsson et al., 2010; Heuer et al., 2012a; Binzer et 
al., 2014; Siju et al., 2014; Gellerer et al., 2015). 
 
The mushroom bodies (MB) 
The paired MB are higher, multimodal sensory 
integrative centers. They are primary known for 
their role in insect olfactory discrimination, 
learning, and memory storage and retrieval, but 
they are also important for processing and learning 
of visual, gustatory, acoustic, and mechanoreceptiv 
input, as well as for sleep regulation, place 
memory, and temperature preference (Mcguire et 
al., 2001; Menzel, 2001; Heisenberg, 2003; Davis, 
2004; Heuer et al., 2012b).  
The MB are easy identifiable due to their 
characteristic shape (Heisenberg, 1998) (Fig. 3). 
They consist of many, conspicuous small cells, the 
so-called Kenyon cells (KC). The number of the KC 
vary among insects (about 2,500 in D. 
melanogaster [Hinke, 1961; Mobbs] to about 
180,000 in A. mellifera [1982; Strausfeld, 2002]), 
with their somata are arranged at the n-anterior 
side of the brain (Fig. 3). Typically, the dendritic 
arborizations of the KC (together with the PN of 
the AL and other brain areas) form the calyces 
(CA), in most cases a cap shaped structures, which 
are often embedded n-posterior to the cluster of 
KC somata (Fig. 3). Typically, the CA receive 
innervation from the PN of the ipsilateral AL via the 
ALT (Schachtner et al., 2005; Galizia and Rössler, 
2010). The axons of the KC converge to thick 
bundles, the peduncle (PE), which run n-posterior. 
In most insects the PE split (at the level of the 
central complex) into two lobes, the medial and 
vertical lobes. The medial lobes (mL) extend 
towards the mid-sagittal plane, while the vertical 
lobes (vL) extend n-antero-dorsally (Fig. 3) 
(Heisenberg, 1998; Strausfeld et al., 2009; Aso et 
al., 2014). The CA as well as the PE and their lobes 
consist of further subcompartments, originating 
from the different classes/birthdates of the KC 
during development (Lee et al., 1999; Farris and 
Strausfeld, 2001; Strausfeld, 2002; Farris and 
Sinakevitch, 2003; Fukushima and Kanzaki, 2009; 
Aso et al., 2014), and which can contain different 
neuromediators (Schürmann and Erber, 1990; 
Crittenden et al., 1998; Sinakevitch et al., 2001; 




Extrinsic neurons of the MB project to different 
brain areas like the AL or the LH, capable of 
modulating the perception or evaluation function 
of this neuropils and thereby shaping the behavior 
of the animal (Rybak and Menzel, 1998; Kirschner 
et al., 2006; Hu et al. 2010; Okada et al., 2007). 
 
The lateral horns (LH) 
The LH are paired neuropil areas which had been 
identified in the lateral protocerebrum of several 
insects. While in some species a characterization of 
a distinct neuropil - due to its morphology - isn't 
possible, several authors prefer to use the term 
"lateral protocerebrum" instead of LH. However, 
typically the LH receive olfactory input from the AL 
via the PN organized into one to three ALT per 
brain hemisphere (Schachtner et al., 2005; Galizia 
and Rössler, 2010) (Fig. 3).  
The LH are believed to be involved in the 
evaluation of quality and intensity of the odor 
information, and finally triggering immediate odor-
driven behavior (both innate and learned), 
especially in response to food-related odors, sexual 
odors, or for appropriate oviposition sites (de Belle 
and Heisenberg, 1994; Connolly et al., 1996; 
Heimbeck et al., 2001; Wang et al., 2003; Yamagata 
et al., 2007; Jefferis et al., 2007; Galizia, 2014; 
Strutz et al., 2014). Beside input from the AL, the 
LH gets also input from the MB, therefore learned 
odors can directly influence odor valence readout 
in the LH (Rybak and Menzel, 1993). 
However, odor evaluations of the LH are supposed 
to be dependent of the "inner state" of an animal. 
Example given, a hungry animal might evaluate the 
odor source of food as very important, while an 
thirsty animal might consider the odors related to 
water sources as more important. It is likely that 
the shift of odor evaluate of the LH is depended of 
factors like hunger, thirst, stress, attention, sexual 
arousal arousal, or need to oviposit (Galizia, 2014). 
 
Neuromediators of the AL 
The communication between the neurons of the 
olfactory pathway is facilitated by a vast set of 
different neuromediators as shown in several 
insect species, including signaling molecules like 
the classical neurotransmitters (like γ-amino 
butyric acid [GABA] and acetylcholine [ACh]), 
biogenic amines, and especially a wide range of 
neuropeptides. (Müller, 1997; Bicker, 1999a,b; 
Homberg and Müller, 1999; Hansson and Anton, 
2000; Nässel, 2002; Homberg, 2002, Dacks et al., 
2006; Carlsson et al., 2010; Neupert et al., 2012; 
Binzer et al., 2014; Siju et al., 2014, Fusca et al., 
2015).  
Classical neurotransmitters: The excitatory ACh is 
supposed to be the main transmitter of the OSN. 
But ACh has in the AL also been identified in LN 
(Shang et al., 2007), as well as in uniglomerular PN, 
targeting the MB and LH (Schachtner et al., 2005; 
Masse et al., 2009; Wilson, 2013; Fusca et al., 
2015).  
GABA is believed to be the insect nervous system 
main inhibitory transmitter. Within the AL it is 
prominently in the LN across al taxa. Typically, 
most multiglomerular PN projecting to the LH are 
GABAergic (Schachtner et al., 2005; Masse et al., 
2009; Wilson, 2013). 
Biogenic amines: In the insect nervous system 
biogenic amines have different functions like 
neuromodulators, neurohormones, and 
neurotransmitters (Bicker, 1999b; Homberg and 
Müller, 1999; Monastirioti, 1999; Nässel, 1999a; 
Hansson and Anton, 2000; Homberg, 2002; Roeder, 
2005; Schachtner et al., 2005; Dacks et al., 2006; 
Schröter et al., 2007; Rein et al., 2013). Biogenic 
amines, identified frequently in the olfactory 
pathway of insects are serotonin, histamin, 
dopamin, and octopamin. Typically, this molecules 
are present in CN and LN (Schachtner et al., 2005; 
Dacks et al., 2006). 
Neuropeptides: Neuropeptides are highly 
conserved across animals. Even ancestral taxa like 
coelenterates and nematodes possess several 
different neuropeptides (Grimmelikhuijzen et al., 
1996; Bargmann, 1998; Brownlee and Fairweather, 
1999). They have evolved to the largest and most 
diverse group of neuromediators within the insect 
nervous system, functioning as neuromodulators 
(Nässel, 2002). In the insect’s life history, basically 
all physiological processes are regulated by 
neuropeptides, including reproduction, 
General introduction 
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developmental processes, behavioral functions, 
metabolic events, and signal processing (Nässel, 
2002; Caers et al., 2012). 
Numbers of neuropeptide precursor genes, 
respectively expressed neuropeptides are known 
from several species like T. castaneum (41 
neuropeptide precursor genes, 80 functional 
neuropeptides [Li et al., 2008]), D. melanogaster 
(19 precursor genes, 46 neuropeptides [Clynen et 
al., 2010]), Locusta migratoria (23 identified 
precursor genes, about 60 neuropeptides 
[Burrows, 1996; Schoofs et al., 1997; How et al., 
2015]), the cockroaches Periplaneta americana and 
Rhyparobia maderae (formally known as 
Leucophaea maderae) (more than 80 
neuropeptides [Predel, 2001; Predel et al., 2004]), 
and Ae. aegypti (43 Neuropeptides [Predel et al., 
2010]). The diversity of the neuropeptides can be 
partly explained by different posttranslational 
processing of the larger precursor proteins 
originating from neuropeptide precursor genes 
(Nässel, 2002; Predel et al., 2004; Altstein and 
Nässel, 2010). 
Compared to classical neurotransmitters, little is 
known about the exact functions and mechanisms 
of neuropeptides within the insect’s olfactory 
pathway (Nässel, 2002; Winther et al., 2006; Caers 
et al., 2012; Vecsey et al., 2014). The only 
neuropeptide, which function in the insect’s 
olfactory pathway had been investigated in higher 
detail is the tachykinin-related peptide (TKRP) in D. 
melanogaster. Tachykinin is one of the oldest and 
most wide-spread neuropeptide families in the 
animal kingdom (Nässel, 1999b; Severini et al., 
2002). The first TKRP that had been identified in 
invertebrates was the TKRP from L. migratoria 
(Schoofs et al., 1990a,b). The characteristic amino 
acid sequence of TKRP from all invertebrates 
having the conserved C-terminal Fx1Gx2Ramid 
(Schoofs et al., 1990a,b). In the brain of D. 
melanogaster, TKRP affects behavior. Knockdown 
of TKRP results in a reduction of odor perception 
and sensitivity, and an increase of locomotor 
activity, indicating a modulatory role in the AL and 
the central complex (CBX) (Winther et al., 2006). 
Additionally, knockdown of the TKRP receptors in 
OSN also alters olfactory behaviors, while over 
expression of the TKRP receptors showed an 
opposite behavioral phenotypes, demonstrating 
that tachykinergic LN modulate incoming signals of 
the OSN (Ignell et al., 2009; Winther and Ignell, 
2010).  
  
The significance of Coleoptera 
Today, Coleoptera are supposed to be the species 
richest, most diverse, and most successful order in 
the animal kingdom. Of the about 1.4 million 
described animal species (of which about 70% are 
insects [Chapman, 2009]), approximately 400,000 
are Coleoptera. That means that about 30% of all 
known animal species are beetles (Grimaldi and 
Engel, 2005; Hunt et al., 2007; Hauser et al., 2008). 
This successes can be explained by their long 
evolutionary history and multiple adaptations to 
their environments.  Coleoptera exist since the late 
Permian (around 285 million years ago) (Crowson, 
1981; Grimaldi and Engel, 2005). But only since the 
Cretaceous they started their evolutionary success 
due to 1) their co-evolution with angiosperms 
(Farrell, 1998) and mammals (Davis et al., 2002), 
and 2) their effective adaptation to geological and 
climatic changes during this time period (Erwin, 
1985), allowing them to occupy multiple ecological 
niches. 
Coleoptera are a major threat for the agricultural 
and timber industriy, endangering products worth 
billions of US $ annually (Perlak et al., 1993; Cox, 
1999; Nowak et al., 2001; Myers and Hosking, 
2002; Simberloff, 2003; Altieri and Nicholls, 2004; 
Muirhead et al., 2006; Müller et al., 2008; Foottit 
and Adler, 2009; Safranyik et al., 2010; Fera, 2012; 
Stadelmann et al., 2013; Seidl et al., 2014). This 
makes this order to an important research field.  
Despite their ecological and economic impact 
(Grimaldi and Engel, 2005; Hunt et al., 2007) and 
the fact, that Coleoptera (like almost all other 
insects) strongly relay on their olfactory system 
(Borden, 1985; Leal, 2013; Visser, 1986; 
Scrimgeour et al., 1994; Abjörnsson et al., 1997; 
Tegoni et al., 2004; Dahanuka et al., 2005; 
Whiteman and Pierce, 2008; de Bruyne et al., 
2010; Herbst et al., 2011), little is known about 
their olfactory system. 
Only limited data of the Coleoptera olfactory 
pathway are available, including studies on the 




Weissteiner et al., 2012), antennal ultra-structure 
(e.g. Sen and Mitchell, 2001; Ritcey and Mclver et 
al., 1990), biochemistry of the olfactory system 
(e.g. Breidbach and Wegerhoff, 1994), 
neuroanatomy (Hu et al., 2011; Weissteiner et al., 
2012), or genetics (Andersson et al., 2013). Today, 
no beetle reaches the level of a model organism 
for insect olfaction comparable to species like  D. 
melanogaster, A. mellifera, Manduca sexta, B. 
mori, Ae. aegypti, or An. gambiae (Dippel et al., 
submitted [chapter 3]). 
 
Tribolium castaneum, as a model organism 
The genus Tribolium belongs to the Tenebrionidae 
family. They include 36 species with eight major 
pests for stored food product. They have spread 
worldwide by international shipments of infested 
grain and flour (Nakakita, 1982; Angelini and 
Jockusch, 2008; Angelini et al., 2009). 
Within the last years, the red flour beetle T. 
castaneum Herbst, 1797 (Bonneton, 2008) has 
become an important model organism in some 
field like developmental (Brown et al., 2009). T. 
castaneum has after D. melanogaster the second 
fully annotated insect genome (Wang et al., 2007; 
Richards et al., 2008; Kim et al., 2010), and it is 
accessible to multiple powerful genetic tools such 
as systemic RNA interference (Bucher et al., 2002; 
Tomoyasu and Denell, 2004), forward genetics 
based on insertional mutagenesis (Trauner et al., 
2009) and transgene-based misexpression systems 
(Schinko et al., 2010; Schinko et al., 2012).  
Beside the multiple possibilities to manipulate 
T castaneums genome, this animal shows several 
additional advantages to be qualified as model 
organism. T. castaneum is very easy to culture, 
with low demands on space (per animal) and low 
maintenance costs, the animal is easy to handle 
and has a relative short generation time of 
approximate 55 days and a high reproduction rate. 
Compared to many other insect model organisms, 
T. castaneum has a remarkable longevity of about 
200 days in average (and in maximum up to 3 
years) (Bucher, 2009), making this species suitable 
for the investigation of long time effects.  
Furthermore, T. castaneum has (compared to D. 
melanogaster) a short germband embryo 
development, which reflects the ancestral and 
most common form of arthropod embryogenesis 
(Sommer and Tautz, 1994; Schröder et al., 2008). 
Rendering T. castaneum for several questions as a 
better insect representative than  D. melanogaster. 
Taking into account, that T. castaneum is 1) a 
major pest and that it represents an insect order 
containing many pest species, 2) that it represents 
the largest and most divers insect order, 3) that it 
is accessible to many genetic tools, and 4) that it is 
easy to culture, T. castaneum presents itself as a 
suitable "coleopteran model organism", especially  
for insect olfaction. 
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The insect central complex as model for heterochronic brain 
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In Tribolium castaneum, our detailed 
morphological description of the olfactory pathway 
in combination with genome-wide expression 
analysis of the relevant gene families involved in 
chemoreception revealed that besides the 
antennae also the mouthparts are highly involved 
in olfaction and that their respective contribution 
is processed separately. This is in contrast to the 
current picture that in holometabolous insects all 
olfactory input allegedly converge in the antennal 
lobe. In this beetle, olfactory sensory input from 
the mouthparts is processed in the lobus 
glomerulatus, a structure so far only being 
characterized in hemimetabolous insects, as well 
as in a so far non-described unpaired glomerularly 
organized olfactory neuropil in the gnathal 
ganglion, we term gnathal olfactory center. The 
importance of the maxillary and labial palps in 
olfaction of the red flour beetle is also supported 
by the high number of functional odorant receptor 
genes expressed in the mouthparts. 
 
Introduction 
Insects use chemical cues for most tasks they 
encounter during their life history. Over long 
distances airborne chemical stimuli guide insects to 
food sources, mates, and places for oviposition 
(Visser 1986; Tegoni et al. 2004; Dahanukar et al. 
2005; Whiteman and Pierce 2008; de Bruyne et al. 
2010; Leal 2013). Within close range, olfaction as 
well as gustation are used to discriminate between 
different food qualities, to avoid toxins or harmful 
microbes, to communicate intra- or 
interspecifically, to identify suitable mating 
partners, and to find appropriate egg-laying sites 
(Laska et al. 1999; Yang et al. 2008; Liu et al. 2008; 
Whiteman and Pierce 2008; Dicke 2009; Weiss et 
al. 2011; Sun et al. 2012; Stensmyr et al. 2012; Linz 
et al. 2013; Paczkowski et al. 2014). Because of 
insects’ devastating impact on agriculture and 
stored food products, as well as their ability to 
serve as vectors for detrimental diseases, insect 
olfaction has become an important research field 
in biology (Leal 2013). 
Chemical signals are typically perceived within 
specialized antennal and palpal cuticular 
structures, the olfactory or gustatory sensilla. 
These chemosensory sensilla form a hollow 
structure filled with aqueous lymph and harbor the 
dendritic branches of the chemosensory neurons 
(CSNs), namely the olfactory (OSNs) or gustatory 
sensory neurons (GSNs) (Steinbrecht 1996; de 
Bruyne and Warr 2006). They are divided into 
several sub-types according to their different 
morphology (Steinbrecht 1996). The volatile 
molecules enter the cavity through wall pores to 
finally reach and activate the chemoreceptors on 
the dendrites of the OSNs. To enhance olfactory 
sensitivity and specificity, odorant binding proteins 
(OBPs) or potentially chemosensory proteins (CSPs) 
facilitate the translocation of many, mostly 
hydrophobic chemicals through the aqueous lymph 
(Pelosi et al. 2014). In insects typically three 
different receptor families are involved in 
chemoreception (Leal 2013): the ionotropic 
AL antennal lobe
ALT antennal lobe tract




GOC gnathal olfactory center
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glutamate-like receptors (IRs) (Benton et al. 2009; 
Rytz et al. 2013), the gustatory receptors (GRs) 
(Montell 2009; Weiss et al. 2011), and the odorant 
receptors (ORs) (Sato et al. 2008; Wicher et al. 
2008; Missbach et al. 2014). The IRs are 
evolutionary highly conserved chemoreceptors 
involved in protostome olfaction (Benton et al. 
2009), ), they contain three transmembrane 
domains, and form functional heteromers between 
an odor specific IR and a co-receptor (IR8a and 
IR25a) The GRs are seven transmembrane 
receptors found across arthropods (Sánchez-Gracia 
et al. 2001; Chyb 2004; Cao 2014; Chipman et al. 
2014) whose quaternary structure (Jiao et al. 2008; 
Lee et al. 2009; Weiss et al. 2011; Freeman et al. 
2014), as well as the signal transduction 
mechanism (Ishimoto et al. 2005; Sato et al. 2011) 
are still under debate. The typical ORs are seven 
transmembrane receptors found in pterygote 
insects (Missbach et al. 2014) that form functional 
heteromers with the atypical (general) odorant 
receptor co-receptor (Orco) (Sato et al. 2008; 
Wicher et al. 2008; Smart et al. 2008; German et al. 
2013; Mukunda et al. 2014). Their signal 
transduction mechanism is currently discussed and 
they might either from an ionotropic receptor 
complex that is regulated by second messengers or 
are functional metabotropic receptors (Sato et al. 
2008; Wicher et al. 2008; Smart et al. 2008; Martin 
and Alcorta 2011; Getahun et al. 2013; Nolte et al. 
2013; Stengl and Funk 2013). The described 
influence of G-proteins and affiliated second 
messengers on insect olfaction supports both 
mechanisms (Riesgo-Escovar et al. 1995; Miura et 
al. 2005; Chatterjee et al. 2009; Deng et al. 2011; 
Sargsyan et al. 2011; Martin et al. 2013; Ignatious 
Raja et al. 2014). Moreover, sensitive pheromone 
detection requires the OR/Orco complex to 
interact with a sensory neuron membrane protein 
(SNMP) related to the scavenger receptor CD36 
(Benton et al. 2007; Jin et al. 2008; Li et al. 2014). 
Besides the perireceptor events involved in 
effective activation, the high temporal resolution 
of olfactory reception probably also requires signal 
termination, which is supposedly mediated by 
secreted or membrane-bound odorant-degrading 
enzymes (ODEs) (Maïbèche-Coisne et al. 2004; 
Ishida and Leal 2005; Durand et al. 2011; 
Chertemps et al. 2012; Younus et al. 2014).  
Activation of the described chemoreceptors elicits 
action-potentials in the CSNs that are further 
transmitted via the antennal nerve to the AL, the 
first integration center of the olfactory pathway in 
the brain, or in case of GSNs to the primary 
gustatory center of the gnathal ganglion (GNG) 
(Scott et al. 2001). The AL of insects consists 
typically of spherical sub compartments, the 
olfactory glomeruli (Schachtner et al. 2005). 
Usually OSNs express only one typical (specific) OR 
gene and all antennal OSNs expressing the same 
typical OR converge into the same olfactory 
glomerulus, creating a chemotropic map-like 
representation of chemical coding in the AL 
(Vosshall 2000; Stocker 2001; Keller and Vosshall 
2003), known as the central dogma of olfaction 
(Jefferis 2005; Smith 2008). In Drosophila 
melanogaster, the OR/Orco and IR derived sensory 
information from the antennae and the maxillary 
palps is processed in the AL (Couto et al. 2005), 
whereas in several hemimetabolous insects CSNs 
from the palps converge typically in the lobus 
glomerulatus (LG), next to but outside of the AL 
(Ernst et al. 1977; Ignell et al. 2000; Schachtner et 
al. 2005; Hofer et al. 2005). In the AL, olfactory 
information from the OSNs, is processed by a 
complex network of local interneurons 
(Christensen et al. 1993; Schachtner et al. 2005; 
Chou et al. 2010; Seki et al. 2010). The processed 
odor information is further relayed by distinct 
antennal lobe tracts (ALTs) formed by the 
projection neurons (PNs) to the mushroom body 
(MB) and the lateral horn (LH) (Schachtner et al. 
2005; Galizia and Rössler 2010). The MBs are 
higher order integration centers for multiple 
processed sensory information and are responsible 
for odor discrimination, associative learning, as 
well as memory storage and retrieval. The LHs 
receive odor input directly from the ALs or 
indirectly from the MBs, decode the quality and 
intensity of the information, and finally trigger 
immediate odor-driven behavior (Belle and 
Heisenberg 1994; Connolly et al. 1996; Heimbeck 
et al. 2001; Wang et al. 2003; Yamagata et al. 2007; 
Jefferis et al. 2007; Strutz et al. 2014).  
Despite the evolutionary success and ecological as 
well as economic importance of beetles (Morris 
2007; Hunt et al. 2007), little is known on the 
neuroanatomy, genetics, or biochemistry of their 




flour beetle T. castaneum has become the prime 
model organism for developmental biology and 
pest management (Brown et al. 2009). With its 
fully annotated genome (Wang et al. 2007; 
Richards et al. 2008; Kim et al. 2010) and the 
multiple powerful genetic tools – such as systemic 
RNA interference (Bucher et al. 2002; Tomoyasu 
and Denell 2004), insertional mutagenesis 
(Lorenzen et al. 2003) and transgene-based 
misexpression systems (Schinko et al. 2010; 
Schinko et al. 2012) – T. castaneum represents an 
eligible “beetle model organism” for olfaction. In 
the current study, we present a substantial 
overview of the olfactory pathway in T. castaneum, 
covering the morphology of the sensilla and the 
antenna, all major neuropils including AL, MB, LH, 
LG and the gnathal olfactory center (GOC), a 
previously undescribed glomerularly organized 
neuropil in the GNG. Additional support for the 
importance of the gnathal input into olfaction is 
provided by genome-wide expression analysis of 
gene families involved in chemoreception (e.g. 
ORs, GRs, IRs, SMNPs, and ODEs) and CSPs and 
OBPs, which have recently been published (Dippel 
et al. 2014). 
 
Results 
The Antenna of Tribolium castaneum  
In order to determine the distribution and number 
of CSNs, we used immunohistochemistry (IHC) with 
a cross-reactive antibody against Orco, fluorescent 
in situ hybridization with an Orco-specific probe, 
and a transgenic line, EF1-B-DsRed, that labels 
almost all and only CSNs in the adult antenna (see 
Material and Methods for detailed 
characterization). Moreover, we generated an 
Orco-Gal4 line that partially covers the Orco 
pattern, which we refer to as “partial Orco-Gal4 
line” (see Material and Methods for detailed 
characterization). These different approaches 
unequivocally confirm that CSNs are restricted to 
the distal three segments (9-11) that form the 
enlarged club of the antenna (Roth and Willis 
1951) (Figure 1A, Figure 1 – figure supplement 1, 
2). To improve on previous data in respect to the 
characterization, location, and exact number of 
antennal sensilla (Roth and Willis 1951), we used in 
addition to the confocal laser-scanning microscopy 
(CLSM) approaches also scanning electron 
microscopy (SEM) (Figure 1B-H, Figure 2A-G). This 
morphologically verified the presence of 
chemosensory sensilla exclusively on the three 
club segments (Roth and Willis 1951), with the 
highest number and diversity on the apical part of 
the terminal segment 11 (Figure 1B-B’’, Figure 1 – 
figure supplement 3). 
Four mechanoreceptive and three 
chemoreceptive sensilla types could be confirmed 
by the combination of these techniques (Figure 1B-
B’’) and the respective number of contained C Ns 
was identified. The mechanoreceptive sensilla 
include the spatulate bristles (SpaB; Figure 1D-
D''''), the mechanosensilla trichoidea (mSTri; Figure 
1E-E''''), the sensilla campaniformes (SCam; Figure 
1B’’), and the sensilla chaetica ( Cha; Figure 1C-
C’’’’), which are the most dominant sensilla type 
present on the lateral sites of all eleven segments 
(Figure 1A). The chemoreceptive sensilla subdivide 
into chemo-sensilla trichoidea (cSTri, Figure 1F-
F’’’), sensilla basiconica ( Bas; Figure 1G-G’’’’), and 
sensilla coeloconica (SCoe, Figure 1H-H’’’). In 
respect to chemoreceptive sensilla, segments 9 
and 10 carry mostly SBas (about 15) arranged in an 
axial ring at the apical edge of each segment 
(Figure 2F, G) and two  Coe (Figure 2F’, G’), 
whereas the terminal segment 11 harbors SBas 
(about 25), some SCoe (about 7), and many cSTri 
(about 87) (Figure 1B-B’’). Detailed analysis of 
number and distribution of the different sensilla 
types in males and females revealed no sexual 
dimorphism (Figure 1 – figure supplement 3). 
The number of CSNs per antenna was estimated 
based on the number of CSNs per sensillum or 
prong and the number of the respective sensilla 
per antenna. cSTri contain typically one Orco-ir 
OSN (Figure 1 – figure supplement 3I, 4A). This 
type of sensilla is known for its pheromone 
receiving abilities in Lepidoptera (Vogt and 
Riddiford 1981; Keil 1989; Almaas and Mustaparta 
1990) and had been described as olfactory sensilla 
in D. melanogaster (Stocker 2001) and Culex 
quinquefasciatus (Hill et al. 2009). SBas of T. 
castaneum consist of up to five prongs (Figure 2A-
E) similar to other Tenebrionidae (Roth and Willis 
1951; Alabi et al. 2013). Each prong harbors about 
six CSNs (Figure 1 – figure supplement 3I) – the 
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same number as in Tenebrio molitor (Harbach and 
Larsen 1977). Of them four to five can be 
considered olfactory based on Orco-ir (Figure 1 – 
figure supplement 4B). Findings in Tribolium 
brevicornis (Alabi et al. 2013) suggest an additional 
gustatory function of SBas, leading to the 
conclusion that the SBas are bimodal 
chemosensilla. Because of this constant number of 
CSNs per prong and the shared lymphatic space 
(Figure 1G-G’’), we propose that multiple pronged 
SBas are derived from a fusion of single sensilla. 
Nonetheless, we refer to and count multiple
 pronged SBas as a single sensillum independent of 
the number of prongs. SCoe contain three CSNs 
(Figure 1 – figure supplement 3I) without Orco-ir 
(Figure 1 – figure supplement 4C). The SCoe in 
T. castaneum might therefore harbor IRs as shown 
in D. melanogaster (Shanbhag et al. 1999; Benton 
et al. 2009). Altogether, we found on each antenna 
about 100 prongs of SBas with six CSNs each, 87 
cSTri with one CSN), and eleven SCoe with about 
three CSNs (Figure 1 – figure supplement 3). This 
leads to a total number of about 720 CSNs per 




Anatomy of the olfactory pathway in the red flour 
beetle brain 
Antennal projections. To get an impression about 
the innervation pattern of chemosensory neuropils 
we performed antennal and palpal backfills. 
Backfills via the antennal nerve labeled the 
ipsilateral AL (Figure 3A, Figure 3 – figure 
supplement 1, 2), the antennal mechanosensory 
and motor center (AMMC) (Figure 3B), as well as a 
distinct area in the GNG (Figure 3C While this 
ipsilateral resctriction is common in many insects 
(Schachtner et al. 2005), it is in contrast to 
D. melanogaster and Ceratitis capitata, where the 
majority of OSNs innervate the ipsi- and 
contralateral side (Stocker 2001; Solari et al. 2016). 
The antennal backfills labeled all AL glomeruli 
except one, which is the only glomerulus labeled 
by backfills of the maxillary palp via the GNG 
(Figure 3A, Figure 3 – figure supplement 1). This 
resembles the situation in Lepidoptera, where CO2 
responsive CSNs from the palp project into a single 
AL glomerulus devoid of antennal innervation 
(Kent et al. 1986). The descending antennal 
projections into the GNG (Figure 3C) are not 
labeled in the partial Orco-Gal4/UAS-DsRed line 
and might therefore be from gustatory or 
mechanosensory neurons, as described in 
P. americana and L. migratoria (Bräunig et al. 
1983; Nishino et al. 2005).  
Antennal lobe. For the AL of freshly eclosed adults 
about 70 distinguishable olfactory glomeruli have 
been previously described using a synapsin 
antibody (Dreyer et al. 2010). To evaluate the 
glomeruli number in ALs of beetles, seven days 
after adult eclosion, we improved the analysis by 
deconvolution as well as using an additional 
antiserum against tachykinin related peptides 
(TKRP), which distinctly labels also densely-packed 
Figure 1. Sensilla types and their distribution on the antennae of T. castaneum I. (A) In T. castaneum, chemosensory 
sensilla are restricted to the distal three segments 9-11 (club) of the antenna and the last segment of the labial (LP) and 
maxillary palp (MP). Voltex projection of a confocal laser-scanning microscopic (CSLM) image stack of the ventral side of 
the head of the partial Orco-Gal4/UAS-tGFP line (tGFP reporter signal, green; auto-fluorescence of the cuticle, 
brownish). The antenna is composed of scape (S), pedicel (P), and flagellum that is subdivided into funicle and club. 
Reporter expression labeled about half of the olfactory sensory neurons (see material and methods; signal in the 
compound eye is due to auto-fluorescence). (B-B'') Scanning electron microscopic (SEM) image of the club segments of 
the antenna with close up of segment 9 (B') and segment 11 (B''), showing all sensilla types: mechanoreceptive: sensilla 
chaetica (SCha; C-C''''), sensilla campaniformes (SCam), spatulate bristle (SpaB; D-D''''), and mechanosensilla trichoidea 
(mSTri; E-E''''); chemoreceptive: chemo sensilla trichoidea (cSTri; F-F'''), sensilla basiconica (SBas; G-G''''), and sensilla 
coeloconica (SCoe; H-H'''). SCam are small, smooth, and dome shaped sensilla and restricted to segment 11 (Figure 1 – 
figure supplement 3A). (C-C'''') SCha – previously described as spines (Roth and Willis 1951) – are longitudinally 
corrugated, connected to a neuron at the socket (C'; blue), jointed (C'''; arrow), and solid (C''''; arrowhead). (D-D'''') 
SpaB – in Tribolium brevicornis also called sensilla squamiformium (Alabi et al. 2013) – resemble modified SCha (Harbach 
and Larsen 1977) with a slightly thicker tip that are restricted to segment 11 (Figure 1 – figure supplement 3B). (E-E'''') 
mSTri are structurally similar to SCha but have a smaller more hair like appearance. Non-olfactory STri have already 
been described in other species (Altner 1977; Missbach et al. 2014). We identified about 37 mSTri on the apical site of 
segment 11 and four in the lateral corners of segments   and 10 (Figures 2F, F’, 2G, G’, and Figure 1 – figure supplement 
3C, H). (F-F'''') cSTri are hair like structures with a rounded tip and a smooth transition of the base and restricted to 
segment 11 (Figure 1 – figure supplement 3D). (G-G'''') SBas are smooth-surfaced pegs with rounded tips and a smooth 
transition at the base (G'''; arrow), arranged in an axial ring (B-B'', Figures 2F, G) at the distal margins of all three club 
segments. (H-H'''') SCoe are short, corrugated, and their transition into the antennal cuticle shows a typical elevation 
(B'', H'''). Previously they were described as “minute spicule-like sensilla trichoidea” (Roth and Willis 1 51). They are 
relatively rare (Figure 1 – figure supplement 3E) and located at the apical side of segment 11 and in the lateral corner of 
segments   and 10 (Figure 2F’, G’). (C-H, C’-H’, C’’-H’’) CLSM, maximum intensity projections of different sensilla, (C-H) 
overlays of antibody enhanced DsRed reporter signal (EF1-B-DsRed) in magenta (C’-H’) and cuticle (green, auto-
fluorescence at about 560 nm, C’’-H’’). All chemoreceptive sensilla (F-G, F’-H’) house dendritic branches of 
chemosensory neurons (CSNs) labeled by DsRed. Close up in C' shows a non-CSN fiber entering only the base of a SCha 
labeled with phalloidin (blue). CLSM analysis revealed joint like structures at the base of mechanoreceptive sensilla (C-E, 
C’’-E’’). (C'''-H''') SEM analysis of different sensilla revealed that only the mechanoreceptive sensilla (C’’’-E’’’) show a 
small gap at their base (arrow). Chemoreceptive sensilla (F’’’-H’’’) show a more smooth transition into the cuticle of the 
segment (arrow). (C''''-G'''') SEM scans of fractured sensilla. All mechanoreceptive sensilla (C’’’’-E’’’’) are solid cuticular 
structures; in contrast, chemoreceptive SBas (G’’’’) appear hollow. 
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glomeruli (Binzer et al. 2014). This more advanced 
analysis resulted in the 3D-reconstruction of about 
90 glomeruli per AL with no obvious sexual 
dimorphism (females: mean 89.2, SD = 4.9, n = 5; 
males: mean 89.4, SD, 7.6, n = 5). 
Palpal projections into accessory olfactory 
centers. Whole mouthparts or maxillary palp 
backfills (Figure 3D, E) revealed – besides the 
already mentioned single AL glomerulus – 
innervation of three distinct neuropil areas: an 
unpaired glomerular organized neuropil in the 
GNG, the primary gustatory center also in the GNG 
(Miyazaki and Ito 2010), as well as an area nearby 
the AL, resembling the LG of hemimetabolous 
insects (Schachtner et al. 2005; Farris 2008). The 
unpaired neuropil located n-anterodorsal in the 
GNG consists of 30 to 40 glomeruli (Figure 3D, 
inset), which are all innervated from both sides of 
the mouthparts. This neuropil is also labeled by the 
partial Orco-Gal4/UAS-DsRed line (Figure 3F, Figure 
3 – figure supplement 3), which indicates 
innervation by OSNs originating in the maxillary or 
labial palps (Figures 1A, 3F, 4A’’, 4B’’, Figure 1 – 
Figure 2. Sensilla types and their distribution on the antennae of T. castaneum II. (A-E) Scanning electron 
microscopic (SEM) images of sensilla basiconica (SBas) with one to five prongs. (F and F') SEM image of the 10th 
segment of the antenna with close up of the lateral corner (F') containing sensilla coeloconica (SCoe), sensilla 
basiconica (SBas), and mechano sensilla trichoidea (mSTri). (G and G') SEM image of the 9th segment with close up of 
the lateral corner (G') showing SCoe and mSTri. (H) Voltex projection based on a confocal laser-scanning microscopic 
(CLSM) image stack of the 10th segment from the EF1-B-DsRed line displaying chemosensory neurons (CSNs, orange) 
and auto-fluorescence of the cuticle (green). The dendrites of the CSNs converge into the SBas (in average six per 
prong), while the axons unite at the center of the segment and join the antennal nerve (AN). (I-I'') Overlay of the 
signals of the DsRed reporter (magenta, I’) and the Orco antibody (green, I’’) together with DAPI staining (light blue) in 
the EF1-B-DsRed line demonstrate a high level of colocalization between DsRed and Orco in segment 9 and 10, but 




figure supplement 5) that project via two tracts 
into the GNG. This neuropil therefore represents 
an olfactory processing center in the GNG that has 
to our knowledge never been described before and 
we term “gnathal olfactory center” (GOC).  ome of 
the fibers labeled by the palpal backfills, as well as 
the partial Orco-Gal4/UAS-DsRed line pass through 
the GOC, ascend via the neck connectives and 
terminate ipsilaterally in an area medioventral to 
the AL (Figure 3D), resembling the LG, which to 
date had only been described in hemimetabolous 
insects (Schachtner et al. 2005; Farris 2008). Since 
the position, innervation, and glomerularly 
organized structure of this paired neuropil in T. 
castaneum is similar to the LG in cockroach, locust, 
and silverfish, (Ernst et al. 1977; Ignell et al. 2000; 
Schachtner et al. 2005; Hofer et al. 2005) we refer 
to it as LG. In summary, our data suggest that in 
T. castaneum odor information from the antennae 
and the mouthparts are processed separately. It 
appears that OSNs from the mouthparts do not 
project into the AL but into the GOC and the LG. 
Figure 3. The central olfactory pathway of T. castaneum. (A) Backfill of one antenna (magenta) stains all glomeruli in 
the ipsilateral antenal lobe (AL) except one; this glomerulus is exclusively labeled by a backfill of a maxillary palp 
(cyan). (B) In addition to the AL glomeruli, backfilling (magenta) of one antenna labeled the ipsilateral antennal 
mechanosensory and motor center (AMMC), located n-dorsally to the AL, (C) as well as descending fibers to the 
gnathal ganglion (GNG). (D) Maximum intensity projection of the backfills of mouthparts (cyan) shows massive 
innervation of the GNG including the gnathal olfactory center (GOC) (magnifications in the inset) and the primary 
gustatory center (PGC). (E) Backfill of the mouthparts (cyan) revealed in the cerebral ganglion beside innervation of a 
single ipsilateral AL glomerulus also projections in the ipsilateral LG. (F) Reporter expression of the partial Orco-
Gal4/UAS-DsRed line (magenta) revealed two paired input tracts (black and white arrowheads) from the maxillary 
(white arrowhead) and labial palps (black arrowhead), that converge in a medial and n-anterodorsally located 
glomerular area, the GOC and ascend to a microglomerularly organized area, the lobus glomerulatus (LG) see also 
Figure 3 - figure supplement 3). Orientation bars in (A) also apply for B and E. N refers to the neuroaxis; A, anterior; L, 
lateral. 
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Projection neurons. Dye injections into the AL of 
adult T. castaneum revealed three ALTs formed by 
the PNs (Figure 5), exclusively in the ipsilateral 
hemisphere. The most prominent tract, the medial 
antennal lobe tract (mALT) connects the AL with 
the CA of the MB and the LH. The mediolateral 
antennal lobe tract (mlALT) runs towards the spur 
of the MB (Figure 5) and further projects to the LH. 
The lateral antennal lobe tract (lALT) projects 
directly to the most n-posterior part of the LH. We 
could not observe any obvious direct projections of 
the mlALT and the lALT to the CA, as described for 
other holometabolous insects (Galizia and Rössler 
2010). Previously only the mALT had been clearly 
identified in Coleoptera and the existence of a 
mlALT had only been presumed (Galizia and 
Rössler 2010). Our results indicate that three ALTs 
are a common feature among most 
holometabolous insects, including beetles. 
Mushroom body. The detailed architecture of the 
MB of T. castaneum is described in (Binzer et al. 
2014). The CA is innervated by the mALT (Figure 5) 
and microglomerularly organized as indicated by 
phalloidin or synapsin antibody stainings (Figure 5, 
inset). This is similar to several insects including 
Apis mellifera (Frambach and Schürmann 2004; 
Groh et al. 2012) and D. melanogaster (Leiss et al. 
2009; Caron et al. 2013) and suggests a 
comparable wiring with the PNs. The KCs were 
identified in DAPI (4',6-diamidino-2-phenylindole) 
stainings based on their smaller and brighter 
stained nuclei (Binzer et al. 2014). The number of 
about 2700 KCs was determined by interpolation 
of volumetric data as well as by counting of the 
stained nuclei using MorphoGraphX (Reuille et al. 
2015). Both procedures resulted in comparable 
numbers with the interpolation of 13 CAs from 
seven animals estimating about 2800 KCs (2795; 
SD: 214) and the counting of nine CAs from five 
specimen indicating approximately 2600 KCs 
(2613; SD 204) per MB. 
 
Genome-wide expression analysis of genes 
involved in chemoreception in T. castaneum 
The fully sequenced genome of T. castaneum 
(Wang et al. 2007; Richards et al. 2008; Kim et al. 
2010) led to the annotation of the major gene 
families involved in chemoreception. Based on 
genome data and computational gene predictions, 
the OBPs (Foret and Maleszka 2006), CSPs (Forêt et 
al. 2007), IRs (Croset et al. 2010), GRs (Richards et 
al. 2008), ORs (Engsontia et al. 2008), and SNMPs 
(Nichols and Vogt 2008; Vogt et al. 2009) were 
annotated, but only for the ORs a RT-PCR-based 
expression analysis was performed (Engsontia et 
al. 2008). To validate or correct the predicted gene 
models of these gene family members and to 
determine their tissue-specific expression, we 
performed transcriptome analyses of adult male 
and female antennae, heads (without antennae, 
but including mouthparts), mouthparts (the part of 
the head capsule, anterior to the antennal bases), 
legs, and bodies (without legs and head. In 
addition, we identified potential ODEs, as well as 
orthologs from further genes described to be 
involved in D. melanogaster olfaction. The detailed 
analysis of the OBPs and CSPs has already been 
published (Dippel et al. 2014) and revealed that 
Figure 5. Antennal lobe tracts. Maximum intensity 
projection of a confocal laser-scanning microscopic 
image stack after dye injection into the antennal 
lobe (AL, magenta) revealed three antennal lobe 
tracts (ALT), the medial (mALT), mediolateral 
(mlALT), and the lateral antennal lobe tract (lALT), as 
well as the calyx (CA) and the lateral Horn (LH). In 
the CA, most fibers from the mALT forming 
microglomeruli (inset obtained from another 
preparation). The staining in the optical lobe is an 
artifact caused by diffusion of the dye during 




the majority of the classic OBPs and antenna 
binding proteins II (ABPII) seem to be involved in 
chemoreception while only a few of the C-OBPs 
and CSPs are enriched in antenna or mouthparts. 
The following results are based on this same set of 
transcriptome data (GEO accession number: 
GSE63162; http://www.ncbi.nlm.nih.gov/geo/quer
y/acc.cgi?acc=GSE63162). Similar to OBPs and CSPs 
(Dippel et al. 2014), also for the genes presented 
here, no significant differences on the expression 
level between male and female antenna samples 
were identified (Figure 6). Therefore, the female 
and male antenna samples can serve as biological 
replicates and indicate that reads above 0.1 RPKM 
are reproducible (Figure 6). However, in order to 
minimize the rate of potential false positives in our 
description, we only considered genes with 
RP M≥0.5 as expressed. We are aware that this 
might lead to an underestimation of the expressed 
gene numbers for each class of genes. Since it is 
impossible to determine the exact amount of 
genes that are functionally involved in 
chemoreception only based on transcriptomic 
expression analyses, we always present two values 
for expressed genes, one based on RP M≥0.5 and 
the other defined by statistical analysis as 
significantly enriched over body. All raw values and 
the re-annotated gene models are summarized in 
Supplemental Table 1. 
Figure 6. Comparison of expression levels in male and female antenna. Comparison of expression levels of odorant 
receptors (ORs, magenta), gustatory receptors (GRs, green), IRs (ionotropic glutamate-like receptors, blue), SNMPs 
(sensory neuron membrane proteins, orange), orthologous of candidates obtained from D. melanogaster (Dmel 
candidates, grey) and potential ODEs (odorant degrading enzymes, yellow) in male and female antennae, average 
values based on two male and three female antennal samples. Scatter plot of the RPKM values. 
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Tissue-specific expression of ionotropic 
glutamate-like receptors. The RNAseq based 
revision of the 23 previously annotated IRs (Croset 
et al. 2010) confirmed the sequences of three 
ORFs, 17 had to be modified, two were 
incompletely covered by reads, and for a single one 
no expression was detected (color coded in 
Supplemental Table 1, column B). In antennae, 16 
IRs them being significantly enriched compared to 
body (Figure 7, Figure 7 – figure supplement 1). In 
the mouthparts, five IRs are expressed, two are 
significantly enriched. 
Comparing expression profiles of the IRs from 
T. castaneum, D. melanogaster, and Anopheles 
gambiae confirmed the antennal specific 
expression, as well as the high degree of 
phylogenetic conservation of the “antennal IRs” 
(Figure 8, Figure 8 – figure supplement 1; 
highlighted in yellow) as proposed (Croset et al. 
2010). In contrast, the “divergent IRs” are non-
antennal specifically expressed and are highly 
radiated within species clades as previously shown 
or predicted (Croset et al. 2010). T. castaneum has 
a lower number of IRs compared to 
D. melanogaster and An. gambiae, due to lesser 
expansions of “divergent IRs”, but maintains the 
basic repertoire of “antennal IRs” (Figure 8; 
highlighted in yellow). The homologs of IR25a, 
IR93a, and IR40a which are necessary for humidity 
perception in D. melanogasters (Enjin et al. 2016) 
are significantly enriched in antennae. IR40a is 
exclusively expressed in antennae, which 
correlates with the essential role of antennae in 
T. castaneum hygro-perception (Roth and Willis 
1951). The homolog of the high sensitive salt 
receptor IR76b (Zhang et al. 2013) is significantly 
enriched in antennae, mouthparts, and legs, while 
the co-receptors IR8a and IR25a (Rytz et al. 2013) 
are highly expressed in all tissues of T. castaneum 
(Figure 7). 
Tissue-specific expression of gustatory receptors. 
Of the 220 previously annotated GRs (Richards et 
al. 2008), only 207 genes had available gene 
models (Wang et al. 2007; Kim et al. 2010). Our 
transcriptome analysis verified the ORFs of 58 GRs, 
showed slight differences for 20 GRs, but did not or 
only incompletely cover 129 GRs (Supplemental 
Table 1; column B). In the antennae 62 GRs are 
expressed, with 34 being significantly enriched and 
10 being antennal-specific. Of the 69 mouthpart-
expressed GRs, 36 are significantly enriched and 19 
exclusive. 17 GRs are significantly enriched in both 
antenna and mouthparts. In legs, 18 GRs are 
expressed with three being significantly enriched 
(Figure 9, Figure 9 – figure supplement 1). 
The phylogenetic comparison of the GRs in 
T. castaneum, D. melanogaster, and An. gambiae 
(Figure 10, Figure 10 – figure supplement 1) 
confirmed that only the CO2 receptors (highlighted 
in orange) are highly conserved (Robertson and 
Kent 2009). The other GRs seem to have 
undergone independent radiations during the 
transition to T. castaneum: E.g. the sugar receptor-
related branch (highlighted in light yellow) contains 
16 genes (Kent and Robertson 2009), twice the 
number compared to the two chosen dipterans. In 
addition, the single fructose receptor (highlighted 
in grey) found in D. melanogaster and An. gambiae 
is represented by eight homologs in T. castaneum. 
The remaining 180 GRs belong to several 
T. castaneum-specific expansion groups. Specific 
orthologs to the known bitter receptors of 
D. melanogaster (Weiss et al. 2011) as well as to 
the thermo-sensitive DmelGR28bD (Ni et al. 2013) 
cannot be predicted based on our phylogenetic 
analysis. 
Figure 7. Expression of T. castaneums IRs. Heatmap 
showing the expression level of the 23 ionotropic 
glutamate-like receptors (IRs) as log2[RPKM+1] 
value in different tissues (adult antennae, head 
(missing antennae but including mouthparts), 
mouthparts, legs, body). The candidates are ordered 
according to their chromosomal localization (figure 
supplement 2), horizontal brackets above indicate 
clustering in the genome, the arrowheads represent 
the orientation of the open reading frame. The 
expression levels are represented by a greyscale 
with highest shown expression levels labeled black. 
The asterisks mark statistically significantly 
differentially expressed genes compared to body. 
The red asterisks represent up- and the blue down-
regulation (p-values adjusted are * < 0.05; ** < 0.01; 




Similar to other insects (Robertson and Wanner 
2006; Wanner and Robertson 2008; Robertson and 
Kent 2009), T. castaneum has three CO2 receptors 
(TcasGR1, TcasGR2 and TcasGR3), while 
D. melanogaster has only two that form functional 
heteromers (Jones et al. 2007; Kwon et al. 2007). In 
T. castaneum, the expression of the CO2 receptors 
is not restricted to one of the chemosensory 
organs with TcasGR2 and TcasGR3 being 
significantly enriched in antennae but also being 
expressed together with TcasGR1 in the 
mouthparts (Figure 9; highlighted in orange). This 
dual input is in contrast to but combines both, the 
expression of the three An. gambiae CO2 receptors 
that are restricted to the maxillary palps (Lu et al. 
2007; Pitts et al. 2011), as well as the two 
D. melanogaster CO2 receptors that are mainly 
expressed in the antennae (Jones et al. 2007; Kwon 
et al. 2007; Hartl et al. 2011). 
Figure 8. Phylogenetic tree of IRs. Based on protein sequences from T. castaneum (green branches), D. melanogaster 
(red branches), and An. gambiae (blue branches). The tree was rooted using the IR8/IR25 clade, according to (Croset et 
al. 2010). Robustness of the tree topology was evaluated by 100 rapid bootstrap replications. Outer rings represent the 
expression in antennae and “mouthparts” (T. castaneum: palps, mandible, labrum and labium; D. melanogaster: palp 
and proboscis; An. gambiae: maxillary palp) as log2 fold change compared to body corresponding to the scale in the left 
lower corner. The scale bars within the trees represent one amino acid substitution per site. Antennal IRs are 
highlighted in yellow. Basically the same figure is available with absolute values instead of fold changes to get an 
impression of the tissue-specific abundance of the transcripts as figure supplement 1. 
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The presence of GRs on insect antenna had 
previously been postulated based on physiological 
response to sugars (Ramaswamy 1987; de Brito 
Sanchez et al. 2005; Alabi et al. 2013; Popescu et 
al. 2013) and was identified by antennal expression 
analysis (Dunipace et al. 2001; Robertson and 
Wanner 2006; Kwon et al. 2007; Pitts et al. 2011; 
Jacquin-Joly et al. 2012; Andersson et al. 2013). 
Our interspecies comparison (Figure 10) confirms 
the antennal enrichment of several GRs in the two 
analyzed dipterans. However, the high number of 
34 significantly enriched GRs in the antenna of T. 
castaneum is unusual, but reflects the increased 
total number of GRs in this species. Interestingly, 
the GRs of T. castaneum are present in both, 
antenna and mouthparts at similar numbers and 
expression levels (Figure, Figure 9 – figure 
supplement 1). 
Tissue-specific expression of odorant receptors. 
Of the 341 previously annotated OR sequences 
(Engsontia et al. 2008), we could re-analyze 337 
based on our RNAseq data. This revision confirmed 
97, 22 were re-annotated reviving eight previously  
indicated pseudogenes (Engsontia et al. 2008), 
namely TcasOR2, TcasOR18, TcasOR19, TcasOR22, 
TcasOR85, TcasOR99, TcasOR104, and TcasOR122. 
219 genes were not or only partially covered by 
our transcriptome data (color coded in 
Supplemental Table1; column B). Over all samples, 
170 ORs are expressed (Figure 11, Figure 11 - figure 
supplement 2). In antennae, 129 ORs are 
expressed, with 92 being significantly enriched and 
99 exclusive. In the mouthparts, 49 ORs are 
expressed, with 28 being significantly enriched and 
27 exclusive. In addition, 16 of the significantly 
mouthpart-enriched ORs are not enriched in the 
antenna (Figure 11). The expression of typical ORs 
in the mouthparts is consistent with the high 
expression of Orco in this tissue (Figure 1A, Figure 
4) and with observations in other insect species 
(Vosshall and Stocker 2007; Lu et al. 2007; Pitts et 
al. 2011; Sparks et al. 2014). In legs, 10 ORs are 
expressed but only one, namely TcasOR127, is 
statistically enriched (Figure 11– figure supplement 
2). 
The phylogenetic comparison of OR expression 
patterns in T. castaneum, D. melanogaster and An. 
gambiae (Figure 12, Figure 12 – figure supplement 
1) revealed that the atypical odorant co-receptor 
Orco (in T. castaneum previously called TcOR1 
(Engsontia et al. 2008)) is the highest expressed OR 
in all tissues of all three species. In T. castaneum, 
Figure 9. Expression of T. castaneums GRs. Heatmap showing the expression level of the 207 analyzed gustatory 
receptors (GRs) as log2[RPKM+1] value in different tissues (adult antennae, head (missing antennae but including 
mouthparts), mouthparts, legs, body). The candidates are ordered according to their chromosomal localization (figure 
supplement 2), horizontal brackets above indicate clustering in the genome, the arrowheads represent the orientation 
of the open reading frame. The expression levels are represented by a greyscale with highest shown expression levels 
labeled black. The asterisks mark statistically significantly differentially expressed genes compared to body. The red 
asterisks represent up- and the blue down-regulation (p-values adjusted are * < 0.05; ** < 0.01; *** < 0.001). CO2 




Orco is highest expressed in antenna, followed by 
mouthparts. Orco is the only OR of T. castaneum 
with clear orthologs in dipterans (Krieger 2003; 
Engsontia et al. 2008). The high expression levels, 
the distribution, and the evolutionary conservation 
of Orco are consistent with its ancestral origin 
(Missbach et al. 2014) and its outstanding role as 
chaperone and co-receptor, forming functional 
heteromers with all typical ORs (Jones et al. 2005; 
Vosshall and Hansson 2011).  
The exceptional high number of typical ORs (Figure 
12) in T. castaneum is the result of large gene 
radiations within the coleopteran and tenebrionid 
lineages (Andersson et al. 2013), which were 
previously subdivided into six expansion groups 
(Figure 12) (Engsontia et al. 2008). Expansion group 
1, 2 and 3 are conserved in other coleopterans 
(Andersson et al. 2013) and are mainly expressed 
in antennae. The ORs of the expansion groups 4, 5, 
and 6 are highly derived, have no described 
Figure 10. Phylogenetic tree of GRs. Mid-point rooted tree based on protein sequences from T. castaneum (green 
branches), D. melanogaster (red branches), and An. gambiae (blue branches). Robustness of the tree topology was 
evaluated by 100 rapid bootstrap replications. Outer rings represent the expression in antennae and “mouthparts” 
(T. castaneum: palps, mandible, labrum and labium; D. melanogaster: palp and proboscis; An. gambiae: maxillary palp) 
as log2 fold change compared to body corresponding to the scale in the left lower corner. The scale bars within the 
trees represent one amino acid substitution per site. Potential sugar receptors (highlighted in yellow), fructose 
receptors (highlighted in grey), and CO2 receptors (highlighted in orange) are labeled. Known bitter receptors from 
D. melanogaster are highlighted in green, the thermos-sensitive GR28bD in light blue. Basically the same figure is 
available with absolute values instead of fold changes to get an impression of the tissue-specific abundance of the 
transcripts as figure supplement 1. 
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homologs in other insects, and their expression is 
unusually often mouthpart-enriched (Figure 11; 
grey lettering). This is consistent with the 
elaborated role of the mouthparts in T. castaneum 
olfaction. Specific orthologs to deorphanized ORs 
of D. melanogaster (Münch and Galizia 2016) 
cannot be predicted based on our phylogenetic 
analysis. 
Identification and expression of potential odorant 
degrading enzymes. The genome of T. castaneum 
contains 15 aldehyde dehydrogenases (ALDHs) 
(Figure 13) with two of them being significantly 
enriched, but not exclusively expressed in antenna. 
We found four predicted genes encoding aldehyde 
oxidases (ALOXs) with one being highly enriched in 
antennae and mouthparts, which in contrast to 
Figure 11. Expression of T. castaneums ORs. Heatmap showing the expression levels of the 337 analyzed odorant 
receptors (OR) as log2[RPKM+1] with an maximum of 8.1, (Orco has a value of 11.1 in antenna) in different tissues 
(adult antennae, head (missing antennae but including mouthparts), mouthparts, legs, body). The candidates are 
ordered according to their chromosomal localization (figure supplement 3), horizontal brackets above indicate 
clustering in the genome, the arrowheads represent the orientation of the open reading frame. ORs that are member 
of the clades four, five and six (Engsontia et al. 2008) are written in grey letters. The line labeled with “Adult” and 
“Larva” referring to data from (Engsontia et al. 2008). The character H respectivly B indicates that the corresponding OR 
was detected in head or body cDNA samples by reverse PCR of the labeled developmental stage, a black letter indicates 
that a amplicon was detected in the majority of replicates, a grey letter means only in few replicates, - indicating no 
PCR product and no character means no data available. A comparison of the number of expressed genes is summarized 
in as figure supplement 3. The expression levels are represented by a greyscale with highest shown expression levels (3
 
RPKM or higher) labeled black to make sure that also low level expression is indentifyably presented. The asterisks 
mark statistically significantly differentially expressed genes compared to body. The red asterisks represent up- and the 





ALOX ODEs from Lepidopterans (Rybczynski et al. 
1990; Pelletier et al. 2007; Choo et al. 2013) does 
not encode a signal peptide (Figure 13). Five of the 
54 identified carboxylesterases (CESs) are 
significantly enriched in antenna, with two of them 
also in the mouthparts. Two other CESs are 
significantly enriched exclusively in the 
mouthparts. Five of these seven candidates show a 
predicted signal peptide for secretion (Figure 13). 
The TcasCESXA shares sequence similarities with D. 
melanogaster Est6 and the TcasCES7J with 
DmelJHEdup, with both D. melanogaster homologs 
having previously been identified as ODE 
candidates (Chertemps et al. 2012; Younus et al. 
2014). TcasCES10C is highest expressed in 
antennae and related to a pheromone degrading 
enzyme from the Japanese beetle, Popillia japonica 
(Ishida and Leal 2008). We identified six epoxide 
hydrolases (EHs), which are supposed to be 
membrane bound ODEs (Vogt 2005), with one 
being significantly enriched in antennae and having 
a predicted signal peptide (Figure 13). The 
glutathione S-transferases (GSTs) of T. castaneum 
had already been annotated (Shi et al. 2012). The 
revision confirmed most gene models, only 
TcasGSTd2 and TcasMGST2 had to be modified 
(available in Supplemental Table 1). Eight of the 41 
GSTs are significantly enriched in antennae, with 
three also in the mouthparts (Figure 13). One of 
these three, TcasGSTd2, represents a member of 
the GST delta subfamily such as GST-msolf1 from 
Manduca sexta, which is an olfactory-specific GST 
expressed specifically in the sex pheromone 
detecting sensilla (Rogers et al. 1999). Analysis of 
the 141 previously described cytochrome P450s 
(CYP) (Zhu et al. 2013) revealed that two predicted 
gene models (CYP347A4, CYP351B1) were fusions 
of two separate genes (now termed CYP347A4A 
and CYP347A4B, as well as CYP351B1A and 
CYP351B1B, respectively). Seven other predictions 
Figure 4. Orco-ir sensory neurons in the maxillary palp. (A) Voltex projection of a confocal image stack showing 
antibody enhanced reporter expression of the EF1-B-DsRed line (A’, orange) and Orco-ir cells (A’’, green) in a halved 
maxillary palp. (B-B’’) Single optical section of (A) showing partial colocalization of Orco immunoreactivity and the 
reporter expression of the EF1-B-DsRed line (magenta). Dotted lines in B highlight reporter-expressing cells that are not 
Orco-ir. 
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had to be adjusted based on RNAseq data 
(sequences available in Supplemental Table 1). The 
expression analysis of these 141 genes showed 
that 26 are significantly enriched in the antenna, 
with eleven also in the mouthparts (Figure 13). In 
addition, six CYPs are significantly enriched in 
mouthparts, but not in antennae. For the 
coleopteran Phyllopertha diversa, CYPs have been 
shown to be involved in pheromone degradation in 
a membrane bound manner (Maïbèche-Coisne et 
al. 2004. 
Expression of potential olfaction signal 
transduction pathway components. The orthologs 
of genes encoding signal transduction pathway 
components known to be involved in olfaction of 
Figure 12. Phylogenetic tree of ORs. Protein sequences (>300 AA) from T. castaneum (green branches), D. melanogaster 
(red branches), and An. gambiae (blue branches). The tree was rooted using the Orco clade, according to (Missbach et 
al. 2014). Robustness of the tree topology was evaluated by 100 rapid bootstrap replications. Outer rings represent the 
expression in antennae and “mouthparts” (T. castaneum: palps, mandible, labrum and labium; D. melanogaster: palp 
and proboscis; An. gambiae: maxillary palp) as log2 fold change compared to body corresponding to the scale in the left 
upper corner. The surrounding numbers on outer thin line indicate the expansion groups 1 to 6 (Engsontia et al. 2008), 
TcasOR71 and TcasOR72PSE were previously assigned to expansion group 1. The scale bar within the tree represents 
one amino acid substitution per site. Basically the same figure is available with absolute values instead of fold changes 




D. melanogaster (Martin et al. 2013) were 
identified by BLAST and manually curated. The 
expression analysis revealed that four of them 
(rdgB, itpr, dgkd, and dgkt) are significantly 
enriched in the antennae (Figure 14). However, 
there is no chemosensory-specific candidate being 
exclusively expressed in antennae or mouthparts. 
Our data therefore do not indicate a 
chemosensory-specific metabotropic signal 
transduction pathway. 
Expression and distribution of sensory neuron 
membrane proteins. The transcriptome analysis 
revealed that one of the seven previously 
identified TcasSNMPs (Nichols and Vogt 2008; Vogt 
et al. 2009), namely XP_969729 (Nichols and Vogt 
2008), was incorrectly annotated and does not 
encode for a CD36 related protein. Moreover, the 
gene model previously named SNMP1c 
(XM_001816389) was a fusion of two SNMPs and 
was overlapping with SNMP1d (XM_001816391) 
(Vogt et al. 2009). In our re-annotation, we 
removed XP_969729 and separated TcasSNMP1c 
and TcasSNMP1d. In addition, the gene models of 
TcasSNMP2, TcasSNMP1a, and XP_975606 (Nichols 
and Vogt 2008) had to be modified based on 
transcriptome and RACE-PCR data. For XP_975606, 
we propose the name TcasSNMP3, to reflect its 
unclear phylogenic relationship. Despite the more 
SNMP1 like expression pattern (Figure 15) and 
chromosomal localization (Figure 7 – figure 
supplement 2) of TcasSNMP3, the comparison of 
Figure 13. Expression of T. castaneums potential ODEs. Heatmap showing the expression level of the 263 potential 
odorant degrading enzymes as log2[RPKM+1] value in different tissues (adult antennae, head (missing antennae but 
including mouthparts), mouthparts, legs, body). The candidates are ordered according to their protein family and 
chromosomal localization, horizontal brackets above indicate clustering in the genome (figure supplement 1), the 
arrowheads represent the orientation of the open reading frame, underlined genes were previously found on protein 
level in antennae by(Dippel et al. 2014). The expression levels are represented by a greyscale with highest shown 
expression levels labeled black. The asterisks mark statistically significantly differentially expressed genes compared to 
body. The red asterisks represent up- and the blue down-regulation (p-values adjusted are * < 0.05; ** < 0.01; *** < 
0.001). A black dot in the lowest line indicates a predicted signal peptide according to SignalP 4.0 (Petersen et al. 
2011) prediction. 
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the amino acid composition revealed no clear 
affiliation to either the SNMP1 or the SNMP2 
subgroup (Forstner et al. 2008). Interspecies 
comparison revealed no clear orthology of 
TcasSNMP3 to SNMPs from other species, 
including the so called “ NMP3” of Calliphora 
stygia (Leitch et al. 2015) which based on 
phylogeny clearly represents an SNMP1 homolog. 
All six TcasSNMPs are expressed in antennae 
(Figure 15), which was also confirmed by RACE-PCR 
based on an antennae cDNA pool but only 
TcasSNMP1a-d and TcasSNMP3 are significantly 
enriched in antennal tissue. Moreover, three of the 
TcasSNMP1, as well as TcasSNMP3 are also 
enriched in mouthparts (Figure 15), further 
supporting the importance of the mouthparts for 
olfaction in T. castaneum. In contrast, TcasSNMP2 
is highest expressed in body and significantly 
underrepresented in antennae and mouthparts 
(Figure 15), which is similar to its ortholog in D. 
melanogaster (Benton et al. 2007). Despite the 
observation that in most insects with a fully 
sequenced genome only two SNMPs were found 
(Nichols and Vogt 2008; Vogt et al. 2009), the 
relative high amount of six TcasSNMPs of 
T. castaneum is not unique, since transcriptome 
analysis e.g. of other beetles revealed four SNMPs 
in Dendroctonus valens (Gu et al. 2015) and 
Dastarcus helophoroides (Wang et al. 2014a), as 
well as three in Ips typographus and Dendroctonus 
ponderosae (Andersson et al. 2013). However, 
T. castaneum is currently only exceeded by the 
Hessian fly (Mayetiola destructor) with seven 
expressed SNMPs (Andersson et al. 2014).  
 
Discussion 
Independent integration centers for antennal and 
palpal olfactory perception. In T. castaneum, 
odorants are mainly perceived with the last three 
segments of the antenna carrying three types of 
chemoreceptive sensilla (SBas, cSTri, and SCoe), as 
well as with the maxillary and labial palps (Figure 
16). Accordingly, expression analysis revealed that 
ORs are mostly expressed in antennae, but also in 
the mouthparts (Figure 11, Figure 12, Figure 11 – 
figure supplement 2) as previously shown for 
several dipteran species (Vosshall and Stocker 
2007; Lu et al. 2007; Syed and Leal 2007; Pitts et al. 
2011; Rinker et al. 2015). In contrast to the 
Diptera, where the palps are chemosensory 
Figure 14. Expression of T. castaneums homologs of 
genes described to be involved in olfaction of D. 
melanogaster. Heatmap showing the expression 
level of the several genes supposed to be involved in 
D. melanogasters olfaction, as log2[RPKM+1] value in 
different tissues (adult antennae, head (missing 
antennae but including mouthparts), mouthparts, 
legs, body). The expression levels are represented by 
a greyscale with highest shown expression levels 
labeled black. The asterisks mark statistically 
significantly differentially expressed genes compared 
to body. The red asterisks represent up- and the blue 
down-regulation (p-values adjusted are * < 0.05; ** < 
0.01; *** < 0.001).  
Figure 15. Expression of T. castaneums SNMPs. 
Heatmap showing the expression level of the six 
sensory neuron membrane proteins of T. 
castaneum, as log2[RPKM+1] value in different 
tissues (adult antennae, head (missing antennae but 
including mouthparts), mouthparts, legs, body, as 
well as larval head and body). The candidates are 
ordered according to their chromosomal localization 
(Figure 7 – figure supplement 1), horizontal brackets 
above indicate clustering in the genome, the 
arrowheads represent the orientation of the open 
reading frame. The expression levels are 
represented by a greyscale with highest shown 
expression levels labeled black. The asterisks mark 
statistically significantly differentially expressed 
genes compared to body. The red asterisks 
represent up- and the blue down-regulation (p-





appendages with limited odor coding complexity, 
the relative high amount of Orco-ir CSNs (Figure 4) 
as well as the high number of expressed ORs, 
SNMPs, potential ODEs and OBPs (Dippel et al. 
2014) in T. castaneum mouthparts (Figure 11 – 
figure supplement 2) imply a more prominent role 
of the palps in olfaction.  
Figure 16. Scheme of the T. castaneum head including the major components of the olfactory pathway. (A) Dorsal 
view of a head section depicting the brain and the chemosensory neurons from the antenna (blue) and the mouthparts 
(green). (B) Ventral view of a head section depicting the gnathal ganglion (GNG). Orientation of the sections is indicated 
in the scheme at the right upper corner presenting a lateral view of the head. Chemical signals are sensed by about 720 
chemosensory neurons (CSNs) located in 56 sensilla basiconica (SBas), 87 chemoreceptive sensilla trichoidea (cSTri), and 
eleven sensilla coeloconica (SCoe) at the last three antennal segments. These CSNs are expressing 16 ionotropic 
glutamate-like receptors (IRs), 62 gustatory (GRs), 129 odorant receptors (ORs), and six sensory neuron membrane 
proteins (SNMPs). In addition, chemosensory information is perceived in the palps by five IRs, 69 GRs, 49 ORs, and six 
SMNPs. The number in brackets indicates significantly enriched members compared to body. The antennal nerve (AN) 
projects into the ipsilateral antennal lobe (AL), where all of the about 90 glomeruli (GL, dark blue) are innervated except 
for one (light green). A separate antennal tract (*
1
) descends into the GNG (B, blue), where most likely gustatory- and 
mechanosensory information is processed. In the AL, a complex network of local interneurons (LNs) is involved in 
processing the incoming sensory information, which is further relayed by projection neurons forming three antennal 
lobe tracts (ALTs). The medial ALT (mALT) projects to and arborizes in the calyx of the mushroom body (MB) that is 
formed by about 2700 Kenyon cells (KCs, orange) to eventually reach and innervate the lateral horn (LH, light blue). The 
mediolateral ALT (mlALT) and lateral ALT (lALT) directly innervate the LH. From the mouthparts, chemosensory neurons 
project via the maxillary (*
3
) and labial palp nerves (*
4
) into the GNG. Within the GNG the gustatory information is 
processed in the primary gustatory center (PGC). The olfactory sensory input from the palps is processed in an unpaired 
glomerularly organized structure in the GNG, the “gnathal olfactory center” (GOC), as well as in the lobus glomerulatus 
(LG) that receives input from some of the palpal OSNs via ascending neurons (*
2
) passing through the GOC. Some of the 
palp derived chemosensory information is also processed in the single AL glomerulus that lacks antennal innervation 
and is therefore exclusively innervated by projections from the mouthparts (light green). The double headed arrows 
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Moreover, in addition to the differences on the 
perception level, major dissimilarities to the 
Diptera occur on the level of odor processing. The 
data from the partial Orco-Gal4 line as well as the 
backfills from the antenna and the mouthparts 
indicate that processing olfactory information at 
least at the level of the first central relay station 
occurs independently from each other (Figure 16). 
This is surprising, as many of the ORs expressed on 
the mouthparts are also expressed on the 
antennae. In contrast, typical OR expression is 
mutually exclusively between antenna and palps in 
D. melanogaster and An. gambiae (Vosshall and 
Stocker 2007; Pitts et al. 2011), where in addition 
projections from the palps innervate several AL 
glomeruli (Anton et al. 2003; Couto et al. 2005; 
Ghaninia et al. 2007). In T. castaneum, the 
olfactory input stemming from the antenna seems 
to be processed exclusively in the AL (Figure 3A, 
Figure 3 – figure supplement 1, 2), whereas the 
palpal derived olfactory information is essentially 
processed outside the AL, in the LG (Figure 3E, F; 
Figure 3 – figure supplement 1) and the GOC, an 
unpaired and glomerularly organized first olfactory 
center in the GNG (Figure 3D, F, Figure 3 – figure 
supplement 3). The LG had, as far as we know, 
previously been described only in hemimetabolous 
insects (Ernst et al. 1977; Ignell et al. 2000; 
Schachtner et al. 2005; Hofer et al. 2005; Farris 
2008). A glomerularly organized olfactory center in 
the GNG such as the GOC has, to our knowledge, 
not been described in any insect so far. The 
number of 49 ORs (with 28 being significantly 
enriched compared to body) that are expressed in 
the mouthparts is roughly consistent with the 
estimated 30 to 40 glomeruli in the GOC. This 
suggests that the wiring in the GOC may resemble 
the situation in the ALs with the difference of 
convergence into an unpaired medial structure. 
The only palpal projection into the AL is a mutually 
exclusive innervation of a single ipsilateral 
glomerulus (Figure 3A and Figure 3 – figure 
supplement 1), which may be involved in CO2 
perception, similar to the situation described in 
several moth species (Kent et al. 1986) and 
proposed for some mosquitoes (Anton et al. 2003; 
Ignell et al. 2005). 
Antennae serve also as key organs for gustatory 
perception. In T. castaneum, antennae and 
mouthparts express similar high numbers and 
levels of GRs, which indicates the antenna as key 
gustatory organ besides the mouthparts (Figure 9 
and Figure 9 – figure supplement 1). This finding 
may reflect the beetles’ ground-dwelling life style 
and indicates that the scanning behavior with the 
antennae, not only gathers tactile, but also 
chemical stimuli. This is in contrast to higher 
dipterans, where the labellum is the main 
gustatory organ (Dahanukar et al. 2001; Bohbot et 
al. 2007; Vermehren-Schmaedick et al. 2011). 
Postulation of exceptions to the central dogma. 
The amount of 129 ORs that we found to be 
expressed in T. castaneum antennae (Figure 11 and 
Figure 11 – figure supplement 1) exceed the 
amount of about 90 glomeruli in the AL. Moreover, 
some glomeruli are likely to get exclusive 
innervation by OSN that express IRs, as described 
in D. melanogaster (Rytz et al. 2013). These 
observations do not conciliate with the central 
dogma postulating that OSNs express only one 
typical OR and all OSNs carrying this same OR 
converge into one and the same glomerulus, which 
was hypothesized to be the typical situation for 
insects (Jefferis 2005; Vosshall and Stocker 2007; 
Kaupp 2010). However, for D. melanogaster, both 
co-expression of more than one typical OR per OSN 
as well as co-convergence due to innervation of 
one AL glomerulus by more than one OSN sub-type 
have been already described as exceptions 
(Goldman et al. 2005; Vosshall and Stocker 2007). 
For T. castaneum, we propose that such exceptions 
are much more frequent. 
Large repertoire of potentially functional odorant 
receptor genes and possible environmental 
regulation. The genome of T. castaneum harbors 
341 OR genes (Engsontia et al. 2008; Richards et al. 
2008), of which 270 seem to encode for functional 
ORs. Of the 337 ORs with available full sequence 
information (Engsontia et al. 2008), we find in our 
RNAseq data 161 ORs to be expressed in adult 
antennae, mouthparts, and head by a threshold of 
0.5 RPKM (Figure 11 – figure supplement 1). In 
comparison to the RT-PCR based data from 
(Engsontia et al. 2008), who found 112 ORs to be 
clearly expressed in adult heads, we only 
confirmed 82 ORs. In addition, we identified 41 
ORs previously declared as not expressed and 37 
ORs previously not tested (Engsontia et al. 2008) as 




discrepancy might be partially due to the different 
type of methodology used to identify expression. 
However, culturing conditions and used strain 
specific genetic variations might also be 
responsible for the differences. 
Taking both studies together, there is clear 
experimental evidence for 191 ORs that are 
expressed in the adult head. By including adult leg 
and all adult body data, 223 ORs seem to be 
expressed in total, of which 17 actually do not 
encode an intact OR. However, for 64 OR 
functional gene models no expression could be 
detected so far. This might be due to low 
expression in a single OSN or conditional 
expression under exceptional circumstances. The 
red flour beetle can live up to two years (Good 
1936). During this long period in their natural 
environment, the beetles can encounter a variety 
of challenges such as food shortage, which possibly 
triggers flight migrations over tens of kilometers 
(Ridley et al. 2011). Under such exceptional 
circumstances the not or low-expressed receptor 
genes may become active (Engsontia et al. 2008), 
as shown in studies in D. melanogaster (Hodges et 
al. 2014) and An. gambiae (Rinker et al. 2013) were 
up to fivefold upregulation of several ORs was 
triggered by temperature or feeding state. 
Inter-species comparison of olfactory 
components. The comparison of the number of 
main components of the chemosensory pathway of 
different insect species reveals the high diversity of 
evolutionary strategies to enable proper 
chemoreception and thus reflects the diversity of 
insects and the manifold adaptations to their 
specialized lifestyles (Table 2). In particular, 
T. castaneum has by far the lowest amount of 
chemoreceptive sensilla (154) and consequently 
also of CSNs (725). In contrast to this low number, 
*, Olfactory sensory neurons/sensilla (otherwise chemosensory neurons/sensilla); f, female; m, male; Sgre, 
Schistocerca gregaria; Lmig, Locusta migratoria 
1
(Croset et al. 2010), 
2
(Richards et al. 2008), 
3
(Engsontia et al. 2008), 
4
 (Dreyer 2010), 
5
 (Stocker 2001), 
6
(Vosshall and Stocker 2007), 
7
 (Wang et al. 2014b), 
8
(Sánchez-Gracia et al. 2001), 
9




(Qiu et al. 2006), 
12
(Pitts and Zwiebel 2006), 
13







(Bohbot et al. 2007), 
17
(Ignell et al. 2005), 
18





(Homberg et al. 1989), 
21
(Rospars and Hildebrand 2000), 
22
(Esslen and Kaissling 1976), 
23
(Frasnelli 
et al. 2010), 
24










(Greenwood and Chapman 1984), 
30
(Laurent and Naraghi 1994), 
31
(Schachtner et al. 2005) 
Table 2. Comparison of main components of the olfactory system of different insect model organisms.  
Chapter 3 
  97 
the amount of GRs (220) and ORs (341), but not of 
the IRs (23) encoded in the genome is 
exceptionally high. The number of olfactory 
glomeruli in the AL is within the range of most 
other species (Table 2) (Schachtner et al. 2005; Hu 
et al. 2011)). Comparing the relation of OR genes 
and number of glomeruli, the highest discrepancy 
occurs with about four fold higher numbers of OR 
genes in T. castaneum. However, also in 
Ae. aegypti, OR gene numbers more than double 
the amount of glomeruli (Bohbot et al. 2007). In 
most other analyzed insects, except ensiferan 
orthopterans that have hundreds of 
microglomeruli (Flook et al. 1999; Ignell et al. 
2001), the number of OR genes is typically similar 
to the number of glomeruli (Table 2). Despite the 
relative low number of IRs encoded in the genome 
of T. castaneum, the repertoire of IRs involved in 
olfaction is highly conserved (Figure 8). The 
amount of KCs is roughly the same as in D. 
melanogaster and seems to be independent of the 
OR or AL glomeruli number (Table 2) (Farris and 
Roberts 2005). 
No apparent sexual dimorphism. In many insect 
species, a sexual dimorphism of the olfactory 
system is described (Kondoh et al. 2003; 
Kleineidam et al. 2005; Schachtner et al. 2005; Hu 
et al. 2011). However, in contrast to other 
coleopterans (Ågren 1985; Allsopp 1990; Okada et 
al. 1992; Jourdan et al. 1995; Ruther et al. 2000) 
our analysis revealed no apparent sexual 
dimorphism on antenna morphology or number 
and distribution of sensilla (Figure 1 – figure 
supplement 4). Expression analysis of male and 
female antenna samples revealed only a small but 
not significant dimorphism in the OBP expression 
levels described earlier (Dippel et al. 2014). Also for 
IRs, GRs, ORs, and SNMPs, we could not find any 
significant differences (Figure 6) in contrast to 
described situations in Diptera and Lepidoptera 
(Couto et al. 2005; Fishilevich and Vosshall 2005; 
Grosse-Wilde et al. 2010; Pitts et al. 2011). 
Different numbers of glomeruli or different sized 
glomeruli were observed in several insect species 
(Kondoh et al. 2003; Schachtner et al. 2005; Galizia 
and Rössler 2010) including the beetle Holotrichia 
diomphalia (Hu et al. 2011). However, the 
comparison of the ALs of T. castaneum males and 
females disclosed no obvious dimorphism as 
previously described also for the small hive beetle 
(Aethina tumida) (Kollmann et al. 2015). In 
summary, our study did not reveal any sexual 
dimorphism of the olfactory system in 
T. castaneum. This finding is consistent with 
behavioral studies that showed an attraction of 
both sexes to the aggregation pheromone 4,8-
Dimethyldecanal (Suzuki 1980) and no sex 




Detailed analysis of the olfactory system in 
T. castaneum, a holometabolous insect of special 
importance for the study of coleopteran and pest 
biology, reveals that olfactory sensory input from 
the antennae is processed mostly in the antennal 
lobes of the brain, as observed in other insect 
species. However, tracing of olfactory projections 
from the mouthparts enabled the identification of 
two additional neuropils: a lobus glomerulatus 
described previously only in a hemimetabolous 
insect and an unpaired glomerularly organized 
olfactory neuropil in the gnathal ganglion (the 
"gnathal olfactory center"), which has never before 
been described. In addition, the high number of 
gustatory receptors on both the antennae and 
mouthparts indicates no organotopic separation of 
olfaction and gustation in this beetle. These 
findings are a reminder of the wide variety of 
solutions to chemoreception that have evolved in 
the holometabolous insects. This should remind us 
that we have much still to learn about olfactory 
systems in general. 
 
Materials and Methods 
Tribolium castaneum rearing and transgenic lines 
Tribolium castaneum (Herbst, 1797; Insecta, 
Coleoptera, Tenebrionidae) wild type strain San 
Bernardino, as well as the transgenic lines partial 
Orco-Gal4, UAS-DsRed, UAS-tGFP (Schinko et al. 
2010), and EF1-B-DsRed (Posnien et al. 2011) were 
breed at about 30°C and 40% relative humidity on 
organic whole wheat flour supplemented with 5% 
yeast powder (Berghammer et al. 1999a). The 




piggyBac-based insertional mutagenesis 
(Berghammer et al. 1999b). The used donor 
plasmids were assembled by a versatile two-step 
cloning procedure (Horn et al. 2003). 
For the partial Orco-Gal4 line, a donor plasmid was 
generated by cloning a blunted and BamHI 
(Fermentas, Vilnius, Lithuania) digested PCR 
product containing Gal4delta-SV40pA (amplified 
with primers Gal4deltafor and SV40rev from 
plasmid CH#757, see supplemental sequences) into 
the BamHI and EcoRV (Fermentas) digested 
pSLfa1180 vector (Horn and Wimmer 2000). After 
propagation a BamHI and BfuAI digested PCR 
product containing 2.5 kb upstream of the 
TcasOrco (amplified with TcOR1upfor and 
TcOR1uprev from San Bernardino gDNA) was 
cloned into the corresponding restriction sites to 
generate pSLfa1180[2.5kbOrcoUp_GAL4delta]. The 
whole cassette was shuttled with AscI and FseI 
(New England Biolabs, Ipswich; MA, USA) into the 
pBac[3XP3-Tcv] (Siebert et al. 2008) donor plasmid. 
The tissue specific expression of Gal4 in the Orco-
Gal4 line was determined by crossing it with an 
UAS-tGFP (Schinko et al. 2010) line and performing 
immunohistochemistry on the antennae with α-
tGFP and α-Orco antibody or by staining of the 
whole brain with α-tGFP and an α-synapsin 
counterstaining. These stainings revealed that only 
Orco-ir neurons are labeled in antennae (Figure 1 – 
figure supplement 6A), which indicates the 
specificity of the Orco-Gal4 driver line. However, 
only half of the Orco-ir neurons in the antenna are 
expressing tGFP (Figure 1 – figure supplement 1A), 
which implies that the Orco-Gal4 line only partially 
covers the Orco pattern resulting in labelling of 
only half of the AL glomeruli (Figure 1 – figure 
supplement 6B). The same approach with an UAS-
dsRed line and an α-RFP antibody was used to 
characterize the palps, in which the reporter is also 
exclusively expressed in Orco-ir neurons, but in 
only 10 – 20 % of the cells (Figure 1 – figure 
supplement 5). We therefore refer to it as “partial 
Orco-Gal4 line”.  
For UAS-DsRed, the donor plasmid pBac[3XP3-
eYFP_UAS-Tchsp68bP-DsRedex-SV40] was 
generated by cloning the DsRed express ORF 
(Clontech laboratories Inc., Mountain view, CA, 
USA; catalog no. 632412) into the pSLfa[UAS-
Tc'Hsp-p-tGFP-SV40]fa shuttle vector (Schinko et 
al. 2010) by using KpnI and NotI. Followed by 
transferring the UAS-hsp-DsRed-SV40 cassette into 
the pBac[3XP3-eYFP] (Horn and Wimmer 2000) by 
using AscI and FseI. The UAS-DsRed line as well as 
the UAS-tGFP line were analyzed by confocal 
microscopy to ensure that no reporter expression 
is present in the relevant tissues in the absence of 
a Gal4 driver line (Figure 1 – figure supplement 7). 
The EF1-B-DsRed line (elongation factor1-alpha 
regulatory region-DsRedExpress; kindly provided 
by Michalis Averof, Institut de Génomique 
Fonctionnelle de Lyon, France) has been described 
to label most neurons in the central nervous 
system of first instar larvae (Posnien et al. 2011) 
and also shows high expression in the adult central 
nervous system. However, in the peripheral 
nervous system clearly not all neurons are labeled. 
We therefore re-analyzed adult antennae of this 
line using confocal microscopy in combination with 
antibody stainings. The labeled neurons in the 
antenna resemble the typical morphology of CSNs 
with the dendrites being embedded in the sensilla 
cavities (Figure 2H, Figure 1F, G and H) and the 
axons converging to the antennal nerve (Figure 2H 
and Figure 1 – figure supplement 2). No labelling 
was detected at mechanosensory sensilla (Figure 
1C, D, E,) except the scolopidia cells of the 
Johnston's organ (Figure 1 – figure supplement 2). 
In addition to almost all Orco-ir ORNs (Figure 2I), 
this line labels also non Orco-ir neurons that are 
affiliated with sensilla coeloconica (Figure 1H) and 
sensilla basiconica (Figure 1G). Whereas in the 
palps only about 30 to 50% of the DsRed-ir cells are 
also Orco-ir (Figure 4), in antennal segment 11 a 
higher percentage of CSNs is double labeled, and in 
segments 9 and 10 the vast majority of CSNs are 
double labeled (Figure 2I-I’’, Figure 1 – figure 
supplement 2). This suggests that almost all and 
only CSNs are labeled by this line in the adult 
antenna. 
 
Tissue preparation for SEM  
Antennae of sex separated adults were dissected 
and immediately fixed for at least 2 h in 5% 
glutaraldehyde in 0.1 M PBS, pH 7.1, washed and 
post-fixed in osmium-tetroxide (1% in 0.1 M 
Sörensen buffer, pH 7.2). Fixed samples were 
washed in water, dehydrated overnight in 
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ethyleneglycolmonoethylether and then 
transferred into acetone via at least three 10-min 
changes with 100% acetone as described in (Santos 
et al. 2006). The samples were critical-point-dried 
by using a Polaron E 3000 (Balzers Union, Quorum 
Technologies Ltd, Darmstadt, Germany). After 
being sputtered with gold (Balzers Union Sputter 
Coater, Balzers, Liechtenstein; Quorum 
Technologies Ltd, Ringmer, UK), the material was 
examined by using a Hitachi S-530 SEM (Hitachi 
High-Technologies Europe GmbH, Krefeld, 
Germany). Micrographs (Figure 1B-B’’, C’’’-C’’’’, 
D’’’-D’’’’, E’’’-E’’’’, F’’’, G’’’-G’’’’ H’’, 2A-G) were 
taken by digital image acquisition (DISS 5, point 
electronic, Halle, Germany). 
 
Immunohistochemistry 
Whole mount brain immunohistochemistry (IHC) 
was performed as described in (Dreyer et al. 2010). 
The animals were cold anesthetized, their brains 
were dissected in cold PBS (phosphate-buffered 
saline, 0.01M, pH 7.4), and fixed subsequently over 
night at 4°C or for 1-2 h at room temperature in 
PBS containing 4% paraformaldehyde (PFA; Roth, 
Karlsruhe, Germany). The tissue was rinsed 4 times 
for 10 minutes with PBS. and pre-incubated with 
5% normal goat serum (NGS, Jackson 
ImmunoResearch, Westgrove, PA, USA) in PBT (PBS 
containing 0.3% Triton X-100; Sigma-Aldrich, 
Steinheim, Germany) for 1-3 days at 4°C. After 
preincubation, nervous tissue was transferred to 
the primary antibody solution containing 2% NGS 
in PBT and incubated for 2-4 days at 4°C. To 
selectively label neuropil regions, a monoclonal 
primary antibody from mouse against synapsin was 
used in combination with specific additional 
antibodies and various dyes (for an overview of the 
employed antibodies and dyes see Supplemental 
Table 2). After rinsing 5 times for 10 minutes with 
PBT, the brains were incubated with appropriate 
secondary antibodies and various dyes 
(Supplemental Table 2) diluted in PBT containing 
2% NGS for 1-3 days at 4°C, followed by 3 to 5 
washing steps for 10 minutes each with PBT. Brains 
and ganglia were dehydrated in an ascending 
ethanol series (50%, 70%, 90%, 95%, 100%, 100%; 
2.5 minutes each) and cleared with methyl 
salicylate (Merck, Gernsheim, Germany). Finally, 
they were mounted on coverslips using Permount 
mounting medium (Fisher Scientific, Pittsburgh, PA, 
USA) and a stack of two reinforcement rings 
(Zweckform, Oberlaindern, Germany) as spacers to 
prevent compression. Brains and ganglia of some 
of the backfills were not dehydrated and directly 
mounted in Aqua-Poly/Mount (Polysciences 
Europe Inc., Eppelheim, Germany). 
Antennae and palps of the EF1-B-DsRed, the Orco-
Gal4/UAS-tGFP, or Orco-Gal4/UAS-dsRed lines 
were dissected and fixed over night at 4°C in 4% 
PFA and 10% methanol in PBT. Afterwards they 
were transferred into silicone molds, embedded in 
tissue freezing media (Leica, Wetzlar, Germany), 
and frozen for at least 1 hour at -80°C, followed by 
cutting into 50 µm sections at -23°C on a Cryotome 
(Cryotome CM 1959, Leica Microsystems, Wetzlar, 
Germany) resulting in longitudinally halved 
antennae. The half mounts were collected in a 
tube and rinsed 4 times 20 min each at room 
temperature in PBT. The samples were pre-
incubated with 5% NGS in PBT over night at 4°C 
followed by incubation with primary antibodies 
and dyes together with 5% NGS in PBT overnight. 
After washing 4 times 20 min with PBT the samples 
were incubated with appropriate secondary 
antibodies (Supplemental Table 2) over night at 
4°C. Finally the antennae were rinsed four times 
with PBT for 20 minutes and embedded on a 
coverslips in Aqua-Poly/Mount with one layer of 
reinforcement rings as spacers.  
The specificity of the Orco-antiserum (Moth-R2, 
kindly provide by Jürgen Krieger) in T. castaneum 
could be demonstrated by IHC on antennae of 
animals with RNA interference-mediated knock-
down of Orco (Engsontia et al. 2008). To 
circumvent problems during dsRNA synthesis 
previously observed with the full length CDS of 
TcasOrco, we cloned a 476 bp fragment from San 
Bernadino cDNA containing only a part of CDS and 
the majority of the 3´UTR amplified by Advantage2 
Taq Polymerase and primers TcasOrco3UTRrev and 
TcasOrco3for (see supplemental sequences) into 
PCRII vector (Invitrogen). By PCR a bidirectional 
template was generated followed by dsRNA 
synthesis with the MEGAscript T7 transcription kit 
(Ambion, Austin, USA) (Schmitt-Engel et al. 2015). 
The Orco dsRNA was injected into pupa of the 




adult eclosion, the antennae of the treated animals 
were collected together with antennae of 
untreated beetles of the black strain, which can be 
easily discriminated based on the cuticle color and 
thus serve as internal staining control. A maximal 
projection of a confocal stack of the Orco-
antiserum (Moth-R2) treated antennae shows no 
detectable antibody staining in RNAi-treated 
animals (Figure 1 – figure supplement 8A) in 
contrast to the black beetle internal control (Figure 
1 – figure supplement 8B). 
 
In vivo backfills of the antenna, single maxillary 
palps, and whole mouthparts 
Cold anesthetized animals were mounted with 
dental wax (S-U-wax wire, 2.0 mm, hard; Schuler 
Dental, Ulm, Germany) and modelling clay (Das 
große Dino-Knet-Set; moses. Verlag GMBH, 
Kempen, Germany) by using a low temperature 
solering iron (Solder-Unit ST 081; Star Tec 
Products, Bremen, Germany) or with rubber 
cement (Fixogum, Marabu, Tamm, Germany) with 
their dorsal side on a microscope slide. The last 
three segments of the antenna and the most distal 
segment of the maxillary palp were removed and 
4% neurobiotin in 1 M KCl (Vector Laboratories, 
Burlingame, UK) for the antenna and Texas Red 
coupled dextran 50 mg/ml in PBS (3000 MW; 
Molecular Probes, Invitrogen) for the maxillary 
palps were used as neuronal tracers. Glass 
micropipettes were drawn (Model P-97, Sutter 
Instrument, Novato, USA) from borosilicate glass 
(inner diameter, 0.75 mm; outer diameter, 1.5 
mm; Hilgenberg, Malsfeld, Germany) and broken 
to a tip diameter matching to the 
antenna/maxillary palp stump. The dye filled glass 
micropipette was put on the antenna/maxillary 
palp stump for about 4-6 hours in a moist chamber 
at 4°C. For the backfills of the whole mouthparts, 
the maxillary and labial palps were cut and the 
antennae were protected from unintentional dye 
filling by covering them with dental wax (S-U-wax 
wire, 2.0 mm, hard). A crystal of biotin-conjugated 
dextran (3000 MW; Molecular Probes, Invitrogen) 
was placed onto the prepared mouthparts, 
covered with a drop of distilled water, and stored 
for about 4 h in a moist chamber at 4°C. Brains and 
ganglia were dissected, fixed, washed, and stained 
as described above. Neurobiotin was visualized 
with Cy3 conjugated streptavidin (Dianova, 
Hamburg, Germany) diluted 1/200 in PBT (0.3% 
TrX). The Staining solution contained in addition 
Alexa Fluor 488-coupled phalloidin (1/200), DAPI 
(1/20.000) and 2% NGS. Incubation time was 2-3 
day at 4°C. Biotin-coupled dextran was visualized 
with Alexa Fluor 488 coupled streptavidin 
(Molecular Probes, Invitrogen) diluted 1/200 in PBT 
(0.3% TrX and 2% NGS) and applied together with 
synapsin (1/300) for 2-3 days at 4°C 
 
In vivo dye injection into the antennal lobes 
Cold anesthetized animals with fluorescent labeled 
ALs (partial Orco-Gal4/UAS-DsRed) were mounted 
with their ventral side pointing upside down with 
dental wax on a microscope slide. The pronotum 
and the head-capsule were opened using a piece of 
a razor blade held by a blade breaker, with two 
parallel, longitudinal cuts along the compound 
eyes. The cuticle, fat tissue and tracheae were 
removed. Afterwards, head capsule and pronotum 
had been covered with ringer solution (Galizia et 
al. 1997). The tungsten needle was sharpened in 
2M KOH with 5-8 volts similar as described in 
(Pellegrino et al. 2010) followed by coating with 
Texas Red conjugated dextran (3000 MW; 
Molecular Probes, Invitrogen) solved in NGS and 
had been air-dried. The dye injection in the DsRed-
labeled AL was performed manually under a 
fluorescence stereomicroscope (SteREO 
Lumar.V12, Carl Zeiss MicroImaging, Jena, 
Germany) by careful perforation. The treated 
animals were kept in a moist chamber for about 1 
h at room temperature to let the dye diffuse. 
Afterwards the brains were dissected, fixed, 
washed, and preincubated with NGS as described 
previously and afterwards incubated with Alexa 
Fluor 488-coupled phalloidin (1/200), DAPI 
(1/20.000) und 2% NGS for 2 day at 4°C. 
Subsequently brains were washed, dehydrated, 
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Microscopic image acquisition, processing and 
analysis 
The fluorescent labeled microscopic samples were 
scanned with a confocal laser-scanning microscope 
(TCS SP5, Leica Microsystems) at 1024×1024 or 
2048x2048 pixel resolution, a scanning speed 
between 100 and 200 Hz, a pinhole of 1 Airy, a line 
average of 2-4 and a step size between 0,5 and 
2,5µm. Confocal images and image stacks were 
analyzed with the Amira 5.3.3 graphics software 
(FEI, Hillsboro, OR, USA). The final image 
processing and figure arrangements were 
processed by using Corel Draw X3 (Corel, Ottawa, 
Ontario, Canada), Adobe Photoshop CS3 (Adobe 
Systems, San Jose, CA, USA), or Inkscape 
(http://www.inkscape.org/). 
The number of CSNs per sensillum was 
determined based on high resolution CLSM stacks 
taken from antennae of the EF1-B-DsRed line after 
antibody enhancement of the DsRed reporter 
signal in combination with Orco antibody staining. 
In order to determine the number of CSNs and 
Orco-ir OSNs we traced the stained dendrites of 
the CSNs to their associated soma of several 
sensilla and calculated their average number 
(Figure 1 – figure supplement 3I, Figure 2H). 
AL glomeruli were separately labeled in the AMIRA 
“ egmentation Editor” and 3D reconstructed 
(Dreyer 2010) based on CLSM stacks of brains 
labeled with synapsin and TKRP antibodies of five 
male and five female A7 beetles (one AL from a 
random hemisphere for each brain). To optimize 
the data quality the CLSM stacks were previously 
deconvoluted in AMIRA using the blind method 
with initial estimation set to input data, with a 
border width of 10, 10, 10 and an iteration of 10 
cycles. 
Kenyon cells were identified based on their 
position, size, and density in DAPI stainings (Binzer 
et al. 2014). The total volumes of the whole CAs 
(13 CAs of 7 A7 males), as well as the volumes of 
three randomly assigned clusters of 20 Kenyon cell 
per CA, were measured using 3D-reconstruction. 
For the segmentation and reconstruction details 
we refer to (Kurylas et al. 2008). Briefly, different 
layers of a structure were labeled in the 
“ egmentation Editor” and wrapped. Volumes of 
reconstructed structures were taken from 
“Material  tatistics”. Based on the ratios between 
whole CA volume and volumes of the three 
clusters of 20 KCs, the total number of KCs per CA 
was interpolated. In addition, we counted the KCs 
by an independent method using MorphoGraphX 
(www.MorphoGraphX.org). The CLSM stacks were 
processed with the arithmetic tool of AMIRA to 
mask the CAs and consequently to remove the 
remaining materials. The resulting stacks, were 
converted to TIFF files with FIJI (Schindelin et al. 
2012) by preserving the image properties. These 
files were analyzed with the “Local Maxima” tool of 
MorphoGraphX (Reuille et al. 2015) with the 
following parameter X-/Y-/Z-radius = 1µm, Start 
Label -1, Min Color 1.  
 
RNA isolation and sequencing 
Total RNA of body parts namely antennae, 
mouthparts (piece of the head capsule anterior of 
the antennae), legs, head (without antennae but 
including mouthparts) and remaining body of sex 
separated adult was isolated using the ZR Tissue & 
Insect RNA Micro Prep Kit (Zymo Research, Irvine, 
CA, USA) following manufacturer´s protocol. The 
Library preparations for RNA-Seq were performed 
using the TruSeq RNA Sample Preparation Kit 
(Illumina, San Diego, CA, USA) and cDNA libraries 
were amplified and sequenced by using the cBot 
and HiSeq2000 from Illumina (paired end; 2x100 
bp). For details see (Dippel et al. 2014). 
 
Reannotation of olfactory genes 
For manual inspection, the obtained reads were 
mapped against the T. castaneum 4.0 genome 
using BLAT (Kent 2002) and a genome browser was 
set up (http://bioinf.uni-greifswald.de/gb2/ 
gbrowse/tcas). In a genome independent approach 
a de novo assembly was built with Trinity (release 
2013_08_14) (Grabherr et al. 2011) as described in 
(Dippel et al. 2014). The previously published OR 
(Engsontia et al. 2008), GR (Richards et al. 2008), IR 
(Croset et al. 2010), and SNMP (Nichols and Vogt 
2008; Vogt et al. 2009) sequences were used for 
further analysis. To identify the potential odorant 
degrading enzymes the official (OGS3) (Wang et al. 
2007; Richards et al. 2008; Kim et al. 2010), the 




et al. 2007; Pruitt et al. 2007) gene sets were used 
and a protein functional analysis was conducted 
using InterProScan (Zdobnov and Apweiler 2001). 
All genes belonging to a protein family containing 
known ODEs in other insect species were collected 
(namely aldehyde dehydrogenase (ALDH), 
aldehyde oxidase (ALOX), carboxylesterase (CES), 
epoxide hydrolase (EH), glutathione S-transferase 
(GST), and cytochrome P450 (CYP) (Leal 2013)). 
The redundant genes were removed and the 
sequences were reviewed. The identified GSTs and 
CYPs were collated to already published (Shi et al. 
2012; Zhu et al. 2013) sequences and the names 
were adapted. For all other candidates a genome 
based name was built reflecting the protein family 
and the chromosomal localization (e.g. CES2D is 
the fourth carboxylesterase on the second 
chromosome). 
The genes supposed to be involved in olfactory 
transduction of D. melanogaster were taken from 
(Martin et al. 2013), the corresponding gene 
sequences were downloaded from the FlyBase 
(Attrill et al. 2016) and the T. castaneum orthologs 
were identified by pBLAST embedded in the 
genome browser (http://bioinf.uni-
greifswald.de/tcas/). 
The revision of the olfactory genes was performed 
in an iterative process based on sequence 
comparison with the de-novo assembly and the 
RNA-seq based gene annotations (AU3), conserved 
domain search (Marchler-Bauer et al. 2011), and 
manual inspection of the aligned reads in the 
genome browser. In case of discrepancies the gene 
models were manually curated. Finally the 
chromosomal localization of the olfactory genes 
was determined by pBLAST against the genome 
assembly Tcas4.0. The ODE candidates were 
searched for signal peptides using the SignalP4.1 
server (Petersen et al. 2011). The sequences and 
read numbers are summarized in Supplemental 
Table 1, the complete dataset including all relevant 
parameters has been deposited to the National 
Center for Biotechnology Information (NCBI) 
database repository ‘Gene Expression Omnibus’ 
(GEO accession number: GSE63162). 
 
 
Tribolium castaneum expression profiling 
The olfactory genes were identified in the AU3 
gene set by pBLAST and the corresponding gene 
models were replaced with the reannotated 
candidate sequences. The resulting enhanced AU3 
gene set was used to map the RNAseq data with 
bowtie2 (Langmead and Salzberg 2012) using the 
very-sensitive presetting. 
The mapped reads were counted with samtools (Li 
et al. 2009) and normalized as RPKM values. The 
RPKMs were visualized (matrix2png interface, 
version 1.2.1; (Pavlidis and Noble 2003)) and the 
figures were arranged in inkscape 
(http://www.inkscape.org/). Male and female 
reads from the sequenced tissues were pooled and 
considered as biological replicates. Statistical 
analysis was performed in R (R Core Team 2013) 
with the DESeq package (version1.12.0) (Anders 
and Huber 2010) from bioconductor (Gentleman et 
al. 2004). All tissues were compared to body as 
reference. Significant differentially expressed 
genes (false discovery rate < 0.05) are marked with 
asterisks in the heatmaps. Genes with an 
RP M≥0.5 were considered as tissue specifically 
expressed the tissue comparison was visualized as 




Phylogenetic analysis and interspecies 
comparison 
We compared the T. castaneum IR, GR, and OR 
sequences independent from each other on 
protein level with data from D. melanogaster 
(Martin et al. 2013; Attrill et al. 2016) and An. 
gambiae (Lawson et al. 2009; Pitts et al. 2011). The 
sequences were aligned using MAFFT (v7.040b 
(Katoh et al. 2005)) (--genafpair --maxiterate 1000 -
-bl 62 --op 1.53 --ep 0.123) and the phylogeny was 
calculated using RAxML (version 7.8.6 (Stamatakis 
2006)), with the LG substitution model and 
GAMMA correction. Robustness of the tree 
topology was evaluated by 100 rapid bootstrap 
replications. The relative expression levels were 
calculated as log2 fold changes of antenna/body 
and palp (mouthpart)/body as described in (Dippel 
et al. 2014). The D. melanogaster data set was 
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downloaded from EMBL gene expression atlas 
(Kapushesky et al. 2011), originally published in 
(Farhadian et al. 2012) and the An. gambiae data 
were obtained from (Pitts et al. 2011). The 
phylogenetic tree was visualized by iTOL (Letunic 




We thank the transcriptome analysis laboratory 
(TAL) of the University Medical Center Göttingen, 
Germany, especially Gabriela Salinas-Riester for 
sequencing and technical support; Jürgen Krieger 
for providing a cross-reactive Orco antibody; 
Gregor Bucher and Michalis Averof for sharing 
transgenic beetle lines and plasmids; Hugh M. 
Robertson and Kimberly K. O. Walden for providing 
unpublished sequence information; Mario Stanke 
und Lizzy Gerischer for the iBeetle Genome 
Browser; Richard Smith for support on 
MorphoGraphiX; Martina Kern, Marlene Binzer, 
and Peter Christ for technical assistance; 
Montserrat Torres Oliva and Jan Kropf for technical 
advice; as well as Uwe Homberg and the members 
of the DFG Priority Program SPP 1392 “Integrative 
Analysis of Olfaction” for fruitful discussion. 
 
Competing Interests 




Ågren L (1985) Architecture of a lamellicorn 
flagellum (Phyllopertha horticola, scarabaeidae, 
coleoptera, insecta). J Morphol 186:85–94. doi: 
10.1002/jmor.1051860108 
Alabi T, Marion-Poll F, Danho M, et al (2013) 
Identification of taste receptors and proteomic 
characterization of the antenna and legs of 
Tribolium brevicornis, a stored food product pest. 
Insect Mol Biol n/a–n/a. doi: 10.1111/imb.12056 
Allsopp PG (1990) Sexual Dimorphism in the Adult 
Antennae of Antitrogus Parvulus Britton and 
Lepidiota Negatoria Blackburn (coleoptera: 
Scarabaeidae: Melolonthinae). Aust J Entomol 
29:261–266. doi: 10.1111/j.1440-
6055.1990.tb00360.x 
Almaas TJ, Mustaparta H (1990) Pheromone 
reception in tobacco budworm moth, Heliothis 
virescens. J Chem Ecol 16:1331–1347. doi: 
10.1007/BF01021030 
Altner H (1977) Insektensensillen: Bau und 
Funktionsprinzipien. Verhandlungen Dtsch Zool 
Ges 139–153. 
Anders S, Huber W (2010) Differential expression 
analysis for sequence count data. Genome Biol 
11:R106. doi: 10.1186/gb-2010-11-10-r106 
Andersson MN, Grosse-Wilde E, Keeling CI, et al 
(2013) Antennal transcriptome analysis of the 
chemosensory gene families in the tree killing bark 
beetles, Ips typographus and Dendroctonus 
ponderosae (Coleoptera: Curculionidae: 
Scolytinae). BMC Genomics 14:198. doi: 
10.1186/1471-2164-14-198 
Andersson MN, Videvall E, Walden KK, et al (2014) 
Sex- and tissue-specific profiles of chemosensory 
gene expression in a herbivorous gall-inducing fly 
(Diptera: Cecidomyiidae). BMC Genomics 15:501. 
doi: 10.1186/1471-2164-15-501 
Anton S, van Loon JJA, Meijerink J, et al (2003) 
Central projections of olfactory receptor neurons 
from single antennal and palpal sensilla in 
mosquitoes. Arthropod Struct Dev 32:319–327. 
doi: 10.1016/j.asd.2003.09.002 
Attrill H, Falls K, Goodman JL, et al (2016) FlyBase: 
establishing a Gene Group resource for Drosophila 
melanogaster. Nucleic Acids Res 44:D786–D792. 
doi: 10.1093/nar/gkv1046 
Belle J de, Heisenberg M (1994) Associative odor 
learning in Drosophila abolished by chemical 
ablation of mushroom bodies. Science 263:692–
695. doi: 10.1126/science.8303280 
Benton R, Vannice KS, Gomez-Diaz C, Vosshall LB 




Chemosensory Receptors in Drosophila. Cell 
136:149–162. doi: 10.1016/j.cell.2008.12.001 
Benton R, Vannice KS, Vosshall LB (2007) An 
essential role for a CD36-related receptor in 
pheromone detection in Drosophila. Nature 
450:289–293. doi: 10.1038/nature06328 
Berghammer A, Bucher G, Maderspacher F, Klingler 
M (1999a) A system to efficiently maintain 
embryonic lethal mutations in the flour beetle 
Tribolium castaneum. Dev Genes Evol 209:382–
389. 
Berghammer AJ, Klingler M, Wimmer EA (1999b) A 
universal marker for transgenic insects. Nature 
402:370–371. doi: 10.1038/46463 
Binzer M, Heuer CM, Kollmann M, et al (2014) 
Neuropeptidome of Tribolium castaneum antennal 
lobes and mushroom bodies. J Comp Neurol 
522:337–357. doi: 10.1002/cne.23399 
Boeckh J, Ernst K-D (1987) Contribution of single 
unit analysis in insects to an understanding of 
olfactory function. J Comp Physiol A 161:549–565. 
doi: 10.1007/BF00603661 
Bohbot J, Pitts RJ, Kwon H-W, et al (2007) 
Molecular characterization of the Aedes aegypti 
odorant receptor gene family. Insect Mol Biol 
16:525–537. doi: 10.1111/j.1365-
2583.2007.00748.x 
Bräunig P, Pflüger H-J, Hustert R (1983) The 
specificity of central nervous projections of locust 
mechanoreceptors. J Comp Neurol 218:197–207. 
doi: 10.1002/cne.902180207 
Brown SJ, Shippy TD, Miller S, et al (2009) The red 
flour beetle, Tribolium castaneum (Coleoptera): a 
model for studies of development and pest 
biology. Cold Spring Harb Protoc 
2009:pdb.emo126. doi: 10.1101/pdb.emo126 
Bucher G, Scholten J, Klingler M (2002) Parental 
RNAi in Tribolium (Coleoptera). Curr Biol CB 
12:R85-86. 
Cao TNP (2014) Genome annotation and evolution 
of chemosensory receptors in spider mites. 
Dissertation, Ghent University 
Caron SJC, Ruta V, Abbott LF, Axel R (2013) 
Random convergence of olfactory inputs in the 
Drosophila mushroom body. Nature 497:113–117. 
doi: 10.1038/nature12063 
Chatterjee A, Roman G, Hardin PE (2009) Go 
contributes to olfactory reception in Drosophila 
melanogaster. BMC Physiol 9:22. doi: 
10.1186/1472-6793-9-22 
Chertemps T, François A, Durand N, et al (2012) A 
carboxylesterase, Esterase-6, modulates sensory 
physiological and behavioral response dynamics to 
pheromone in Drosophila. BMC Biol 10:56. doi: 
10.1186/1741-7007-10-56 
Chipman AD, Ferrier DEK, Brena C, et al (2014) The 
First Myriapod Genome Sequence Reveals 
Conservative Arthropod Gene Content and 
Genome Organisation in the Centipede Strigamia 
maritima. PLoS Biol 12:e1002005. doi: 
10.1371/journal.pbio.1002005 
Choo Y-M, Pelletier J, Atungulu E, Leal WS (2013) 
Identification and Characterization of an Antennae-
Specific Aldehyde Oxidase from the Navel 
Orangeworm. PLoS ONE 8:e67794. doi: 
10.1371/journal.pone.0067794 
Chou Y-H, Spletter ML, Yaksi E, et al (2010) 
Diversity and wiring variability of olfactory local 
interneurons in the Drosophila antennal lobe. Nat 
Neurosci 13:439–449. doi: 10.1038/nn.2489 
Christensen TA, Waldrop BR, Harrow ID, 
Hildebrand JG (1993) Local interneurons and 
information processing in the olfactory glomeruli 
of the moth Manduca sexta. J Comp Physiol A 
Neuroethol Sens Neural Behav Physiol 173:385–
399. doi: 10.1007/BF00193512 
Chyb S (2004) Drosophila gustatory receptors: from 
gene identification to functional expression. J 
Insect Physiol 50:469–477. doi: 
10.1016/j.jinsphys.2004.03.012 
Connolly JB, Roberts IJ, Armstrong JD, et al (1996) 
Associative learning disrupted by impaired Gs 
signaling in Drosophila mushroom bodies. Science 
274:2104–2107. 
Couto A, Alenius M, Dickson BJ (2005) Molecular, 
Anatomical, and Functional Organization of the 
Chapter 3 
  105 
Drosophila Olfactory System. Curr Biol 15:1535–
1547. doi: 10.1016/j.cub.2005.07.034 
Croset V, Rytz R, Cummins SF, et al (2010) Ancient 
Protostome Origin of Chemosensory Ionotropic 
Glutamate Receptors and the Evolution of Insect 
Taste and Olfaction. PLoS Genet 6:e1001064. doi: 
10.1371/journal.pgen.1001064 
Dahanukar A, Foster K, van der Goes van Naters 
WM, Carlson JR (2001) A Gr receptor is required 
for response to the sugar trehalose in taste 
neurons of Drosophila. Nat Neurosci 4:1182–1186. 
doi: 10.1038/nn765 
Dahanukar A, Hallem EA, Carlson JR (2005) Insect 
chemoreception. Curr Opin Neurobiol 15:423–430. 
doi: 10.1016/j.conb.2005.06.001 
de Brito Sanchez MG, Giurfa M, de Paula Mota TR, 
Gauthier M (2005) Electrophysiological and 
behavioural characterization of gustatory 
responses to antennal “bitter” taste in honeybees. 
Eur J Neurosci 22:3161–3170. doi: 10.1111/j.1460-
9568.2005.04516.x 
de Bruyne M, Smart R, Zammit E, Warr CG (2010) 
Functional and molecular evolution of olfactory 
neurons and receptors for aliphatic esters across 
the Drosophila genus. J Comp Physiol A Neuroethol 
Sens Neural Behav Physiol 196:97–109. 
de Bruyne M, Warr CG (2006) Molecular and 
cellular organization of insect chemosensory 
neurons. BioEssays 28:23–34. doi: 
10.1002/bies.20338 
Deng Y, Zhang W, Farhat K, et al (2011) The 
Stimulatory Gαs Protein Is Involved in Olfactory 
Signal Transduction in Drosophila. PLoS ONE 
6:e18605. doi: 10.1371/journal.pone.0018605 
Dicke M (2009) Behavioural and community 
ecology of plants that cry for help. Plant Cell 
Environ 32:654–665. doi: 10.1111/j.1365-
3040.2008.01913.x 
Dippel S, Oberhofer G, Kahnt J, et al (2014) Tissue-
specific transcriptomics, chromosomal localization, 
and phylogeny of chemosensory and odorant 
binding proteins from the red flour beetle 
Tribolium castaneum reveal subgroup specificities 
for olfaction or more general functions. BMC 
Genomics 15:1141. doi: 10.1186/1471-2164-15-
1141 
Dreyer (2010) 3D standard brain of the red flour 
beetle Tribolium castaneum: a tool to study 
metamorphic development and adult plasticity. 
Front Syst Neurosci. doi: 
10.3389/neuro.06.003.2010 
Dreyer D, Vitt H, Dippel S, et al (2010) 3D Standard 
Brain of the Red Flour Beetle Tribolium castaneum: 
A Tool to Study Metamorphic Development and 
Adult Plasticity. Front Syst Neurosci 4:3. doi: 
10.3389/neuro.06.003.2010 
Dunipace L, Meister S, McNealy C, Amrein H (2001) 
Spatially restricted expression of candidate taste 
receptors in the Drosophila gustatory system. Curr 
Biol 11:822–835. doi: 10.1016/S0960-
9822(01)00258-5 
Durand N, Carot-Sans G, Bozzolan F, et al (2011) 
Degradation of Pheromone and Plant Volatile 
Components by a Same Odorant-Degrading 
Enzyme in the Cotton Leafworm, Spodoptera 
littoralis. PLoS ONE 6:e29147. doi: 
10.1371/journal.pone.0029147 
Engsontia P, Sanderson AP, Cobb M, et al (2008) 
The red flour beetle’s large nose: an expanded 
odorant receptor gene family in Tribolium 
castaneum. Insect Biochem Mol Biol 38:387–397. 
doi: 10.1016/j.ibmb.2007.10.005 
Enjin A, Zaharieva EE, Frank DD, et al (2016) 
Humidity Sensing in Drosophila. Curr Biol. doi: 
10.1016/j.cub.2016.03.049 
Ernst DKD, Boeckh J, Boeckh V (1977) A 
neuroanatomical study on the organization of the 
central antennal pathways in insects. Cell Tissue 
Res 176:285–308. doi: 10.1007/BF00221789 
Esslen J, Kaissling K-E (1976) Zahl und Verteilung 
antennaler Sensillen bei der Honigbiene (Apis 
mellifera L.). Zoomorphologie 83:227–251. doi: 
10.1007/BF00993511 
Farhadian SF, Suárez-Fariñas M, Cho CE, et al 
(2012) Post-fasting olfactory, transcriptional, and 
feeding responses in Drosophila. Physiol Behav 




Farris SM (2008) Tritocerebral tract input to the 
insect mushroom bodies. Arthropod Struct Dev 
37:492–503. doi: 10.1016/j.asd.2008.05.005 
Farris SM, Roberts NS (2005) Coevolution of 
generalist feeding ecologies and gyrencephalic 
mushroom bodies in insects. Proc Natl Acad Sci U S 
A 102:17394–17399. doi: 
10.1073/pnas.0508430102 
Fishilevich E, Vosshall LB (2005) Genetic and 
Functional Subdivision of the Drosophila Antennal 
Lobe. Curr Biol 15:1548–1553. doi: 
10.1016/j.cub.2005.07.066 
Flook PK, Klee S, Rowell CHF (1999) Combined 
Molecular Phylogenetic Analysis of the Orthoptera 
(Arthropoda, Insecta) and Implications for Their 
Higher Systematics. Syst Biol 48:233–253. doi: 
10.1080/106351599260274 
Foret S, Maleszka R (2006) Function and evolution 
of a gene family encoding odorant binding-like 
proteins in a social insect, the honey bee (Apis 
mellifera). Genome Res 16:1404–1413. doi: 
10.1101/gr.5075706 
Forêt S, Wanner KW, Maleszka R (2007) 
Chemosensory proteins in the honey bee: Insights 
from the annotated genome, comparative analyses 
and expressional profiling. Insect Biochem Mol Biol 
37:19–28. doi: 10.1016/j.ibmb.2006.09.009 
Forstner M, Gohl T, Gondesen I, et al (2008) 
Differential expression of SNMP-1 and SNMP-2 
proteins in pheromone-sensitive hairs of moths. 
Chem Senses 33:291–299. doi: 
10.1093/chemse/bjm087 
Frambach I, Schürmann FW (2004) Separate 
distribution of deutocerebral projection neurons in 
the mushroom bodies of the cricket brain. Acta 
Biol Hung 55:21–29. doi: 10.1556/ABiol.55.2004.1-
4.4 
Frasnelli E, Anfora G, Trona F, et al (2010) Morpho-
functional asymmetry of the olfactory receptors of 
the honeybee (Apis mellifera). Behav Brain Res 
209:221–225. doi: 10.1016/j.bbr.2010.01.046 
Freeman EG, Wisotsky Z, Dahanukar A (2014) 
Detection of sweet tastants by a conserved group 
of insect gustatory receptors. Proc Natl Acad Sci 
201311724. doi: 10.1073/pnas.1311724111 
Galizia CG, Joerges J, Küttner A, et al (1997) A semi-
in-vivo preparation for optical recording of the 
insect brain. J Neurosci Methods 76:61–69. 
Galizia CG, Rössler W (2010) Parallel Olfactory 
Systems in Insects: Anatomy and Function. Annu 
Rev Entomol 55:399–420. doi: 10.1146/annurev-
ento-112408-085442 
Galizia CG, Sachse S, Rappert A, Menzel R (1999) 
The glomerular code for odor representation is 
species specific in the honeybee Apis mellifera. Nat 
Neurosci 2:473–478. doi: 10.1038/8144 
Gentleman RC, Carey VJ, Bates DM, et al (2004) 
Bioconductor: open software development for 
computational biology and bioinformatics. 
Genome Biol 5:R80. doi: 10.1186/gb-2004-5-10-r80 
German PF, van der Poel S, Carraher C, et al (2013) 
Insights into subunit interactions within the insect 
olfactory receptor complex using FRET. Insect 
Biochem Mol Biol 43:138–145. doi: 
10.1016/j.ibmb.2012.11.002 
Getahun MN, Olsson SB, Lavista-Llanos S, et al 
(2013) Insect Odorant Response Sensitivity Is 
Tuned by Metabotropically Autoregulated 
Olfactory Receptors. PLoS ONE 8:e58889. doi: 
10.1371/journal.pone.0058889 
Ghaninia M, Hansson BS, Ignell R (2007) The 
antennal lobe of the African malaria mosquito, 
Anopheles gambiae - innervation and three-
dimensional reconstruction. Arthropod Struct Dev 
36:23–39. doi: 10.1016/j.asd.2006.06.004 
Goldman AL, Van der Goes van Naters W, Lessing 
D, et al (2005) Coexpression of Two Functional 
Odor Receptors in One Neuron. Neuron 45:661–
666. doi: 10.1016/j.neuron.2005.01.025 
Good NE (1936) The Flour Beetles of the Genus 
Tribolium. United States Department of Agriculture 
Grabe V, Strutz A, Baschwitz A, et al (2015) Digital 
in vivo 3D atlas of the antennal lobe of Drosophila 
melanogaster. J Comp Neurol 523:530–544. doi: 
10.1002/cne.23697 
Chapter 3 
  107 
Grabherr MG, Haas BJ, Yassour M, et al (2011) Full-
length transcriptome assembly from RNA-Seq data 
without a reference genome. Nat Biotechnol 
29:644–652. doi: 10.1038/nbt.1883 
Greenwood M, Chapman RF (1984) Differences in 
numbers of sensilla on the antennae of solitarious 
and gregarious Locusta migratoria L. (Orthoptera: 
Acrididae). Int J Insect Morphol Embryol 13:295–
301. doi: 10.1016/0020-7322(84)90004-7 
Groh C, Lu Z, Meinertzhagen IA, Rössler W (2012) 
Age-related plasticity in the synaptic ultrastructure 
of neurons in the mushroom body calyx of the 
adult honeybee Apis mellifera. J Comp Neurol 
520:3509–3527. doi: 10.1002/cne.23102 
Grosse-Wilde E, Stieber R, Forstner M, et al (2010) 
Sex-specific odorant receptors of the tobacco 
hornworm Manduca sexta. Front Cell Neurosci 
4:22. doi: 10.3389/fncel.2010.00022 
Gu X-C, Zhang Y-N, Kang K, et al (2015) Antennal 
Transcriptome Analysis of Odorant Reception 
Genes in the Red Turpentine Beetle (RTB), 
Dendroctonus valens. PloS One 10:e0125159. doi: 
10.1371/journal.pone.0125159 
Harbach RE, Larsen JR (1977) Fine structure of 
antennal sensilla of the adult mealworm beetle, 
Tenebrio molitor L. (Coleoptera : Tenebrionidae). 
Int J Insect Morphol Embryol 6:41–60. doi: 
10.1016/0020-7322(77)90029-0 
Hartl M, Loschek LF, Stephan D, et al (2011) A new 
Prospero and microRNA-279 pathway restricts CO2 
receptor neuron formation. J Neurosci Off J Soc 
Neurosci 31:15660–15673. doi: 
10.1523/JNEUROSCI.2592-11.2011 
Heimbeck G, Bugnon V, Gendre N, et al (2001) A 
central neural circuit for experience-independent 
olfactory and courtship behavior in Drosophila 
melanogaster. Proc Natl Acad Sci 98:15336–15341. 
doi: 10.1073/pnas.011314898 
Hill SR, Hansson BS, Ignell R (2009) 
Characterization of antennal trichoid sensilla from 
female southern house mosquito, Culex 
quinquefasciatus Say. Chem Senses 34:231–252. 
doi: 10.1093/chemse/bjn080 
Hinke DW (1961) Das relative postembryonale 
Wachstum der Hirnteile von Culex pipiens, 
Drosophila melanogaster und Drosophila-
mutanten. Z Für Morphol Ökol Tiere 50:81–118. 
doi: 10.1007/BF00407351 
Hodges TK, Cosme LV, Athrey G, et al (2014) 
Species-specific chemosensory gene expression in 
the olfactory organs of the malaria vector 
Anopheles gambiae. BMC Genomics 15:1089. doi: 
10.1186/1471-2164-15-1089 
Hofer S, Dircksen H, Tollbäck P, Homberg U (2005) 
Novel insect orcokinins: Characterization and 
neuronal distribution in the brains of selected 
dicondylian insects. J Comp Neurol 490:57–71. doi: 
10.1002/cne.20650 
Homberg U, Christensen TA, Hildebrand JG (1989) 
Structure and function of the deutocerebrum in 
insects. Annu Rev Entomol 34:477–501. 
Horn C, Offen N, Nystedt S, et al (2003) piggyBac-
Based Insertional Mutagenesis and Enhancer 
Detection as a Tool for Functional Insect Genomics. 
Genetics 163:647–661. 
Horn C, Wimmer EA (2000) A versatile vector set 
for animal transgenesis. Dev Genes Evol 210:630–
637. 
http://www.inkscape.org/ Inkscape.  
Hu J-H, Wang Z-Y, Sun F (2011) Anatomical 
organization of antennal-lobe glomeruli in males 
and females of the scarab beetle Holotrichia 
diomphalia (Coleoptera: Melolonthidae). 
Arthropod Struct Dev 40:420–428. doi: 
10.1016/j.asd.2011.03.003 
Hunt T, Bergsten J, Levkanicova Z, et al (2007) A 
comprehensive phylogeny of beetles reveals the 
evolutionary origins of a superradiation. Science 
318:1913–1916. doi: 10.1126/science.1146954 
Ignatious Raja JS, Katanayeva N, Katanaev VL, 
Galizia CG (2014) Role of Go/i subgroup of G 
proteins in olfactory signaling of Drosophila 





Ignell R, Anton S, Hansson BS (2001) The antennal 
lobe of orthoptera - anatomy and evolution. Brain 
Behav Evol 57:1–17. doi: 47222 
Ignell R, Anton S, Hansson BS (2000) The maxillary 
palp sensory pathway of Orthoptera. Arthropod 
Struct Dev 29:295–305. doi: 10.1016/S1467-
8039(01)00016-0 
Ignell R, Dekker T, Ghaninia M, Hansson BS (2005) 
Neuronal architecture of the mosquito 
deutocerebrum. J Comp Neurol 493:207–240. doi: 
10.1002/cne.20800 
Ishida Y, Leal WS (2005) Rapid inactivation of a 
moth pheromone. Proc Natl Acad Sci U S A 
102:14075–14079. doi: 10.1073/pnas.0505340102 
Ishida Y, Leal WS (2008) Chiral discrimination of the 
Japanese beetle sex pheromone and a behavioral 
antagonist by a pheromone-degrading enzyme. 
Proc Natl Acad Sci 105:9076–9080. doi: 
10.1073/pnas.0802610105 
Ishimoto H, Takahashi K, Ueda R, Tanimura T 
(2005) G-protein gamma subunit 1 is required for 
sugar reception in Drosophila. EMBO J 24:3259–
3265. doi: 10.1038/sj.emboj.7600796 
Jacquin-Joly E, Legeai F, Montagné N, et al (2012) 
Candidate chemosensory genes in female 
antennae of the noctuid moth Spodoptera 
littoralis. Int J Biol Sci 8:1036–1050. doi: 
10.7150/ijbs.4469 
Jefferis GSXE (2005) Insect Olfaction: A Map of 
Smell in the Brain. Curr Biol 15:R668–R670. doi: 
10.1016/j.cub.2005.08.033 
Jefferis GSXE, Potter CJ, Chan AM, et al (2007) 
Comprehensive Maps of Drosophila Higher 
Olfactory Centers: Spatially Segregated Fruit and 
Pheromone Representation. Cell 128:1187–1203. 
doi: 10.1016/j.cell.2007.01.040 
Jiao Y, Moon SJ, Wang X, et al (2008) Gr64f is 
required in combination with other gustatory 
receptors for sugar detection in Drosophila. Curr 
Biol CB 18:1797–1801. doi: 
10.1016/j.cub.2008.10.009 
Jin X, Ha TS, Smith DP (2008) SNMP is a signaling 
component required for pheromone sensitivity in 
Drosophila. Proc Natl Acad Sci U S A 105:10996–
11001. doi: 10.1073/pnas.0803309105 
Jones WD, Cayirlioglu P, Kadow IG, Vosshall LB 
(2007) Two chemosensory receptors together 
mediate carbon dioxide detection in Drosophila. 
Nature 445:86–90. doi: 10.1038/nature05466 
Jones WD, Nguyen T-AT, Kloss B, et al (2005) 
Functional conservation of an insect odorant 
receptor gene across 250 million years of 
evolution. Curr Biol 15:R119–R121. doi: 
10.1016/j.cub.2005.02.007 
Jourdan H, Barbier R, Bernard J, Ferran A (1995) 
Antennal sensilla and sexual dimorphism of the 
adult ladybird beetle Semiadalia undecimnotata 
Schn. (Coleoptera: Coccinellidae). Int J Insect 
Morphol Embryol 24:307–322. doi: 10.1016/0020-
7322(95)98584-Z 
Kapushesky M, Adamusiak T, Burdett T, et al (2011) 
Gene Expression Atlas update-a value-added 
database of microarray and sequencing-based 
functional genomics experiments. Nucleic Acids 
Res 40:D1077–D1081. doi: 10.1093/nar/gkr913 
Katoh K, Kuma K, Toh H, Miyata T (2005) MAFFT 
version 5: improvement in accuracy of multiple 
sequence alignment. Nucleic Acids Res 33:511–
518. doi: 10.1093/nar/gki198 
Kaupp UB (2010) Olfactory signalling in vertebrates 
and insects: differences and commonalities. Nat 
Rev Neurosci. doi: 10.1038/nrn2789 
Keil TA (1989) Fine structure of the pheromone-
sensitive sensilla on the antenna of the hawkmoth, 
Manduca sexta. Tissue Cell 21:139–151. doi: 
10.1016/0040-8166(89)90028-1 
Keller A, Vosshall LB (2003) Decoding olfaction in 
Drosophila. Curr Opin Neurobiol 13:103–110. doi: 
10.1016/S0959-4388(03)00011-4 
Kent KS, Harrow ID, Quartararo P, Hildebrand DJG 
(1986) An accessory olfactory pathway in 
Lepidoptera: the labial pit organ and its central 
projections in Manduca sexta and certain other 
sphinx moths and silk moths. Cell Tissue Res 
245:237–245. doi: 10.1007/BF00213927 
Chapter 3 
  109 
Kent LB, Robertson HM (2009) Evolution of the 
sugar receptors in insects. BMC Evol Biol 9:41. doi: 
10.1186/1471-2148-9-41 
Kent WJ (2002) BLAT—The BLAST-Like Alignment 
Tool. Genome Res 12:656–664. doi: 
10.1101/gr.229202 
Kim HS, Murphy T, Xia J, et al (2010) BeetleBase in 
2010: revisions to provide comprehensive genomic 
information for Tribolium castaneum. Nucleic Acids 
Res 38:D437-442. doi: 10.1093/nar/gkp807 
Klagges BRE, Heimbeck G, Godenschwege TA, et al 
(1996) Invertebrate Synapsins: A Single Gene 
Codes for Several Isoforms in Drosophila. J 
Neurosci 16:3154–3165. 
Kleineidam CJ, Obermayer M, Halbich W, Rössler 
W (2005) A macroglomerulus in the antennal lobe 
of leaf-cutting ant workers and its possible 
functional significance. Chem Senses 30:383–392. 
doi: 10.1093/chemse/bji033 
Kollmann M, Rupenthal AL, Neumann P, et al 
(2015) Novel antennal lobe substructures revealed 
in the small hive beetle Aethina tumida. Cell Tissue 
Res 363:679–692. doi: 10.1007/s00441-015-2282-9 
Kondoh Y, Kaneshiro KY, Kimura K, Yamamoto D 
(2003) Evolution of sexual dimorphism in the 
olfactory brain of Hawaiian Drosophila. Proc Biol 
Sci 270:1005–1013. doi: 10.1098/rspb.2003.2331 
Koontz MA, Schneider D (1987) Sexual dimorphism 
in neuronal projections from the antennae of silk 
moths (Bombyx mori, Antheraea polyphemus) and 
the gypsy moth (Lymantria dispar). Cell Tissue Res 
249:39–50. doi: 10.1007/BF00215416 
Krieger J (2003) A candidate olfactory receptor 
subtype highly conserved across different insect 
orders. J Comp Physiol A Neuroethol Sens Neural 
Behav Physiol 189:519–26. doi: 10.1007/s00359-
003-0427-x 
Kurylas AE, Rohlfing T, Krofczik S, et al (2008) 
Standardized atlas of the brain of the desert locust, 
Schistocerca gregaria. Cell Tissue Res 333:125–145. 
doi: 10.1007/s00441-008-0620-x 
Kwon JY, Dahanukar A, Weiss LA, Carlson JR (2007) 
The molecular basis of CO2 reception in Drosophila. 
Proc Natl Acad Sci U S A 104:3574–3578. doi: 
10.1073/pnas.0700079104 
Langmead B, Salzberg SL (2012) Fast gapped-read 
alignment with Bowtie 2. Nat Methods 9:357–359. 
doi: 10.1038/nmeth.1923 
Laska M, Galizia CG, Giurfa M, Menzel R (1999) 
Olfactory discrimination ability and odor structure-
activity relationships in honeybees. Chem Senses 
24:429–438. 
Laurent G, Naraghi M (1994) Odorant-induced 
oscillations in the mushroom bodies of the locust. J 
Neurosci Off J Soc Neurosci 14:2993–3004. 
Lawson D, Arensburger P, Atkinson P, et al (2009) 
VectorBase: a data resource for invertebrate 
vector genomics. Nucleic Acids Res 37:D583–D587. 
doi: 10.1093/nar/gkn857 
Leal WS (2013) Odorant Reception in Insects: Roles 
of Receptors, Binding Proteins, and Degrading 
Enzymes. Annu Rev Entomol 58:373–391. doi: 
10.1146/annurev-ento-120811-153635 
Lee JK, Strausfeld NJ (1990) Structure, distribution 
and number of surface sensilla and their receptor 
cells on the olfactory appendage of the male 
mothManduca sexta. J Neurocytol 19:519–538. 
doi: 10.1007/BF01257241 
Lee Y, Moon SJ, Montell C (2009) Multiple 
gustatory receptors required for the caffeine 
response in Drosophila. Proc Natl Acad Sci 
106:4495–4500. doi: 10.1073/pnas.0811744106 
Leiss F, Groh C, Butcher NJ, et al (2009) Synaptic 
organization in the adult Drosophila mushroom 
body calyx. J Comp Neurol 517:808–824. doi: 
10.1002/cne.22184 
Leitch O, Papanicolaou A, Lennard C, et al (2015) 
Chemosensory genes identified in the antennal 
transcriptome of the blowfly Calliphora stygia. 
BMC Genomics 16:255. doi: 10.1186/s12864-015-
1466-8 
Letunic I, Bork P (2007) Interactive Tree Of Life 
(iTOL): an online tool for phylogenetic tree display 





Li H, Handsaker B, Wysoker A, et al (2009) The 
Sequence Alignment/Map format and SAMtools. 
Bioinformatics 25:2078–2079. doi: 
10.1093/bioinformatics/btp352 
Li Z, Ni JD, Huang J, Montell C (2014) Requirement 
for Drosophila SNMP1 for rapid activation and 
termination of pheromone-induced activity. PLoS 
Genet 10:e1004600. doi: 
10.1371/journal.pgen.1004600 
Linz J, Baschwitz A, Strutz A, et al (2013) Host 
plant-driven sensory specialization in Drosophila 
erecta. Proc R Soc Lond B Biol Sci 280:20130626. 
doi: 10.1098/rspb.2013.0626 
Liu M, Yu H, Li G (2008) Oviposition deterrents 
from eggs of the cotton bollworm, Helicoverpa 
armigera (Lepidoptera: Noctuidae): chemical 
identification and analysis by electroantennogram. 
J Insect Physiol 54:656–662. doi: 
10.1016/j.jinsphys.2008.01.002 
Lorenzen MD, Berghammer AJ, Brown SJ, et al 
(2003) piggyBac-mediated germline transformation 
in the beetle Tribolium castaneum. Insect Mol Biol 
12:433–440. 
Lu T, Qiu YT, Wang G, et al (2007) Odor Coding in 
the Maxillary Palp of the Malaria Vector Mosquito 
Anopheles gambiae. Curr Biol CB 17:1533–1544. 
doi: 10.1016/j.cub.2007.07.062 
Maglott D, Ostell J, Pruitt KD, Tatusova T (2007) 
Entrez Gene: gene-centered information at NCBI. 
Nucleic Acids Res 35:D26-31. doi: 
10.1093/nar/gkl993 
Maïbèche-Coisne M, Nikonov AA, Ishida Y, et al 
(2004) Pheromone anosmia in a scarab beetle 
induced by in vivo inhibition of a pheromone-
degrading enzyme. Proc Natl Acad Sci U S A 
101:11459–11464. doi: 10.1073/pnas.0403537101 
Marchler-Bauer A, Lu S, Anderson JB, et al (2011) 
CDD: a Conserved Domain Database for the 
functional annotation of proteins. Nucleic Acids 
Res 39:D225-229. doi: 10.1093/nar/gkq1189 
Martin F, Alcorta E (2011) Regulation of olfactory 
transduction in the orco channel. Front Cell 
Neurosci 5:21. doi: 10.3389/fncel.2011.00021 
Martin F, Boto T, Gomez-Diaz C, Alcorta E (2013) 
Elements of Olfactory Reception in Adult 
Drosophila melanogaster. Anat Rec 296:1477–
1488. doi: 10.1002/ar.22747 
McIver S (1978) Structure of sensilla trichodea of 
female Aedes aegypti with comments on 
innervation of antennal sensilla. J Insect Physiol 
24:383–390. doi: 10.1016/0022-1910(78)90079-3 
Missbach C, Dweck HK, Vogel H, et al (2014) 
Evolution of insect olfactory receptors. eLife. doi: 
10.7554/eLife.02115 
Miura N, Atsumi S, Tabunoki H, Sato R (2005) 
Expression and localization of three G protein α 
subunits, Go, Gq, and Gs, in adult antennae of the 
silkmoth (Bombyx mori). J Comp Neurol 485:143–
152. doi: 10.1002/cne.20488 
Miyazaki T, Ito K (2010) Neural architecture of the 
primary gustatory center of Drosophila 
melanogaster visualized with GAL4 and LexA 
enhancer-trap systems. J Comp Neurol 518:4147–
4181. doi: 10.1002/cne.22433 
Mobbs PG (1982) The Brain of the Honeybee Apis 
Mellifera. I. The Connections and Spatial 
Organization of the Mushroom Bodies. Philos Trans 
R Soc Lond B Biol Sci 298:309–354. doi: 
10.1098/rstb.1982.0086 
Montell C (2009) A Taste of the Drosophila 
Gustatory Receptors. Curr Opin Neurobiol 19:345–
353. doi: 10.1016/j.conb.2009.07.001 
Morris SC (2007) Grimaldi, D. & Engel, M. S. 2005. 
Evolution of the Insects. xv + 755 pp. Cambridge, 
New York, Melbourne: Cambridge University Press. 
ISBN 0 521 82149 5. Geol Mag 144:1035–1036. doi: 
10.1017/S001675680700372X 
Mukunda L, Lavista-Llanos S, Hansson BS, Wicher D 
(2014) Dimerisation of the Drosophila odorant 
coreceptor Orco. Front Cell Neurosci 8:261. doi: 
10.3389/fncel.2014.00261 
Münch D, Galizia CG (2016) DoOR 2.0 - 
Comprehensive Mapping of Drosophila 
melanogaster Odorant Responses. Sci Rep 
6:21841. doi: 10.1038/srep21841 
Chapter 3 
  111 
Neder R (1957) Allometrisches Wachstum von 
Hirnteilen bei drei verschieden grossen 
Schabenarten (Doctoral dissertation). 
Ni L, Bronk P, Chang EC, et al (2013) A gustatory 
receptor paralogue controls rapid warmth 
avoidance in Drosophila. Nature 500:580–584. doi: 
10.1038/nature12390 
Nichols Z, Vogt RG (2008) The SNMP/CD36 gene 
family in Diptera, Hymenoptera and Coleoptera: 
Drosophila melanogaster, D. pseudoobscura, 
Anopheles gambiae, Aedes aegypti, Apis mellifera, 
and Tribolium castaneum. Insect Biochem Mol Biol 
38:398–415. doi: 10.1016/j.ibmb.2007.11.003 
Nishino H, Nishikawa M, Yokohari F, Mizunami M 
(2005) Dual, multilayered somatosensory maps 
formed by antennal tactile and contact 
chemosensory afferents in an insect brain. J Comp 
Neurol 493:291–308. doi: 10.1002/cne.20757 
Nolte A, Funk NW, Mukunda L, et al (2013) In situ 
Tip-Recordings Found No Evidence for an Orco-
Based Ionotropic Mechanism of Pheromone-
Transduction in Manduca sexta. PLoS ONE 
8:e62648. doi: 10.1371/journal.pone.0062648 
Okada K, Mori M, Shimazaki K, Chuman T (1992) 
Morphological Studies on the Antennal Sensilla of 
the Cigarette Beetle, Lasioderma serricorne (F.) 
(Coleoptera: Anobiidae). Appl Entomol Zool 
27:269–276. doi: 10.1303/aez.27.269 
Paczkowski S, Paczkowska M, Dippel S, et al (2014) 
Volatile Combustion Products of Wood Attract 
Acanthocnemus nigricans (Coleoptera: 
Acanthocnemidae). J Insect Behav 27:228–238. 
doi: 10.1007/s10905-013-9430-4 
Pavlidis P, Noble WS (2003) Matrix2png: a utility 
for visualizing matrix data. Bioinformatics 19:295–
296. doi: 10.1093/bioinformatics/19.2.295 
Pellegrino M, Nakagawa T, Vosshall LB (2010) 
Single Sensillum Recordings in the Insects 
Drosophila melanogaster and Anopheles gambiae. 
J Vis Exp. doi: 10.3791/1725 
Pelletier J, Bozzolan F, Solvar M, et al (2007) 
Identification of candidate aldehyde oxidases from 
the silkworm Bombyx mori potentially involved in 
antennal pheromone degradation. Gene 404:31–
40. doi: 10.1016/j.gene.2007.08.022 
Pelosi P, Iovinella I, Felicioli A, Dani FR (2014) 
Soluble proteins of chemical communication: an 
overview across arthropods. Integr Physiol 5:320. 
doi: 10.3389/fphys.2014.00320 
Petersen TN, Brunak S, von Heijne G, Nielsen H 
(2011) SignalP 4.0: discriminating signal peptides 
from transmembrane regions. Nat Methods 8:785–
786. doi: 10.1038/nmeth.1701 
Pitts RJ, Rinker DC, Jones PL, et al (2011) 
Transcriptome profiling of chemosensory 
appendages in the malaria vector Anopheles 
gambiae reveals tissue- and sex-specific signatures 
of odor coding. BMC Genomics 12:271. doi: 
10.1186/1471-2164-12-271 
Pitts RJ, Zwiebel LJ (2006) Antennal sensilla of two 
female anopheline sibling species with differing 
host ranges. Malar J 5:26. doi: 10.1186/1475-2875-
5-26 
Popescu A, Couton L, Almaas T-J, et al (2013) 
Function and central projections of gustatory 
receptor neurons on the antenna of the noctuid 
moth Spodoptera littoralis. J Comp Physiol A 
199:403–416. doi: 10.1007/s00359-013-0803-0 
Posnien N, Koniszewski NDB, Hein HJ, Bucher G 
(2011) Candidate Gene Screen in the Red Flour 
Beetle Tribolium Reveals Six3 as Ancient Regulator 
of Anterior Median Head and Central Complex 
Development. PLoS Genet. doi: 
10.1371/journal.pgen.1002416 
Pruitt KD, Tatusova T, Maglott DR (2007) NCBI 
reference sequences (RefSeq): a curated non-
redundant sequence database of genomes, 
transcripts and proteins. Nucleic Acids Res 35:D61-
65. doi: 10.1093/nar/gkl842 
Qiu YT, Loon JJA van, Takken W, et al (2006) 
Olfactory Coding in Antennal Neurons of the 
Malaria Mosquito, Anopheles gambiae. Chem 
Senses 31:845–863. doi: 10.1093/chemse/bjl027 
R Core Team (2013) R: A Language and 
Environment for Statistical Computing. 




Ramaswamy SB (1987) Behavioural responses of 
Heliothis virescens (Lepidoptera: Noctuidae) to 
stimulation with sugars. J Insect Physiol 33:755–
760. doi: 10.1016/0022-1910(87)90062-X 
Reuille PB de, Routier-Kierzkowska A-L, Kierzkowski 
D, et al (2015) MorphoGraphX: A platform for 
quantifying morphogenesis in 4D. eLife 4:e05864. 
doi: 10.7554/eLife.05864 
Richards S, Gibbs RA, Weinstock GM, et al (2008) 
The genome of the model beetle and pest 
Tribolium castaneum. Nature 452:949–955. doi: 
10.1038/nature06784 
Ridley AW, Hereward JP, Daglish GJ, et al (2011) 
The spatiotemporal dynamics of Tribolium 
castaneum (Herbst): adult flight and gene flow. 
Mol Ecol 20:1635–1646. doi: 10.1111/j.1365-
294X.2011.05049.x 
Riesgo-Escovar J, Raha D, Carlson JR (1995) 
Requirement for a phospholipase C in odor 
response: overlap between olfaction and vision in 
Drosophila. Proc Natl Acad Sci 92:2864–2868. doi: 
10.1073/pnas.92.7.2864 
Rinker DC, Pitts RJ, Zhou X, et al (2013) Blood meal-
induced changes to antennal transcriptome 
profiles reveal shifts in odor sensitivities in 
Anopheles gambiae. Proc Natl Acad Sci U S A 
110:8260–8265. doi: 10.1073/pnas.1302562110 
Rinker DC, Zhou X, Pitts RJ, et al (2015) RNAseq in 
the mosquito maxillary palp: a little antennal RNA 
goes a long way. bioRxiv 16998. doi: 
10.1101/016998 
Robertson HM, Kent LB (2009) Evolution of the 
gene lineage encoding the carbon dioxide receptor 
in insects. J Insect Sci Online 9:19. doi: 
10.1673/031.009.1901 
Robertson HM, Wanner KW (2006) The 
chemoreceptor superfamily in the honey bee, Apis 
mellifera: Expansion of the odorant, but not 
gustatory, receptor family. Genome Res 16:1395–
1403. doi: 10.1101/gr.5057506 
Rogers ME, Jani MK, Vogt RG (1999) An olfactory-
specific glutathione-S-transferase in the sphinx 
moth Manduca sexta. J Exp Biol 202:1625–1637. 
Rospars JP, Hildebrand JG (2000) Sexually 
Dimorphic and Isomorphic Glomeruli in the 
Antennal Lobes of the Sphinx Moth Manduca 
sexta. Chem Senses 25:119–129. doi: 
10.1093/chemse/25.2.119 
Roth LM, Willis ER (1951) Hygroreceptors in adults 
of Tribolium (coleoptera, tenebrionidae). J Exp Zool 
116:527–570. doi: 10.1002/jez.1401160309 
Ruther J, Reinecke A, Thiemann K, et al (2000) 
Mate finding in the forest cockchafer, Melolontha 
hippocastani, mediated by volatiles from plants 
and females. Physiol Entomol 25:172–179. doi: 
10.1046/j.1365-3032.2000.00183.x 
Rybczynski R, Vogt RG, Lerner MR (1990) Antennal-
specific pheromone-degrading aldehyde oxidases 
from the moths Antheraea polyphemus and 
Bombyx mori. J Biol Chem 265:19712–19715. 
Rytz R, Croset V, Benton R (2013) Ionotropic 
receptors (IRs): chemosensory ionotropic 
glutamate receptors in Drosophila and beyond. 
Insect Biochem Mol Biol 43:888–897. doi: 
10.1016/j.ibmb.2013.02.007 
Sánchez-Gracia A, Vieira FG, Almeida FC, Rozas J 
(2001) Comparative Genomics of the Major 
Chemosensory Gene Families in Arthropods. In: 
eLS. John Wiley & Sons, Ltd,  
Santos JG, Pollák E, Rexer K-H, et al (2006) 
Morphology and metamorphosis of the peptidergic 
Va neurons and the median nerve system of the 
fruit fly, Drosophila melanogaster. Cell Tissue Res 
326:187–199. doi: 10.1007/s00441-006-0211-7 
Sargsyan V, Getahun MN, Llanos SL, et al (2011) 
Phosphorylation via PKC Regulates the Function of 
the Drosophila Odorant Co-Receptor. Front Cell 
Neurosci. doi: 10.3389/fncel.2011.00005 
Sato K, Pellegrino M, Nakagawa T, et al (2008) 
Insect olfactory receptors are heteromeric ligand-
gated ion channels. Nature 452:1002–1006. doi: 
10.1038/nature06850 
Sato K, Tanaka K, Touhara K (2011) Sugar-regulated 
cation channel formed by an insect gustatory 
receptor. Proc Natl Acad Sci 108:11680–11685. doi: 
10.1073/pnas.1019622108 
Chapter 3 
  113 
Schachtner J, Schmidt M, Homberg U (2005) 
Organization and evolutionary trends of primary 
olfactory brain centers in Tetraconata 
(Crustacea+Hexapoda). Arthropod Struct Dev 
34:257–299. doi: 10.1016/j.asd.2005.04.003 
Schindelin J, Arganda-Carreras I, Frise E, et al 
(2012) Fiji: an open-source platform for biological-
image analysis. Nat Methods 9:676–682. doi: 
10.1038/nmeth.2019 
Schinko JB, Hillebrand K, Bucher G (2012) Heat 
shock-mediated misexpression of genes in the 
beetle Tribolium castaneum. Dev Genes Evol 
222:287–298. doi: 10.1007/s00427-012-0412-x 
Schinko JB, Weber M, Viktorinova I, et al (2010) 
Functionality of the GAL4/UAS system in Tribolium 
requires the use of endogenous core promoters. 
BMC Dev Biol 10:53. doi: 10.1186/1471-213X-10-
53 
Schmitt-Engel C, Schultheis D, Schwirz J, et al 
(2015) The iBeetle large-scale RNAi screen reveals 
gene functions for insect development and 
physiology. Nat Commun 6:7822. doi: 
10.1038/ncomms8822 
Scott K, Brady R Jr, Cravchik A, et al (2001) A 
chemosensory gene family encoding candidate 
gustatory and olfactory receptors in Drosophila. 
Cell 104:661–673. 
Seki Y, Rybak J, Wicher D, et al (2010) Physiological 
and Morphological Characterization of Local 
Interneurons in the Drosophila Antennal Lobe. J 
Neurophysiol 104:1007–1019. doi: 
10.1152/jn.00249.2010 
Serrano JM, Castro L, Toro MA, López-Fanjul C 
(1991) The genetic properties of homosexual 
copulation behavior in Tribolium castaneum: diallel 
analysis. Behav Genet 21:547–558. 
Shanbhag SR, Müller B, Steinbrecht RA (1999) Atlas 
of olfactory organs of Drosophila melanogaster: 1. 
Types, external organization, innervation and 
distribution of olfactory sensilla. Int J Insect 
Morphol Embryol 28:377–397. doi: 10.1016/S0020-
7322(99)00039-2 
Shi H, Pei L, Gu S, et al (2012) Glutathione S-
transferase (GST) genes in the red flour beetle, 
Tribolium castaneum, and comparative analysis 
with five additional insects. Genomics 100:327–
335. doi: 10.1016/j.ygeno.2012.07.010 
Siebert KS, Lorenzen MD, Brown SJ, et al (2008) 
Tubulin superfamily genes in Tribolium castaneum 
and the use of a Tubulin promoter to drive 
transgene expression. Insect Biochem Mol Biol 
38:749–755. doi: 10.1016/j.ibmb.2008.04.007 
Smart R, Kiely A, Beale M, et al (2008) Drosophila 
odorant receptors are novel seven transmembrane 
domain proteins that can signal independently of 
heterotrimeric G proteins. Insect Biochem Mol Biol 
38:770–780. doi: 10.1016/j.ibmb.2008.05.002 
Smith C (2008) Biology of Sensory Systems. John 
Wiley & Sons 
Solari P, Corda V, Sollai G, et al (2016) 
Morphological characterization of the antennal 
lobes in the Mediterranean fruit fly Ceratitis 
capitata. J Comp Physiol A Neuroethol Sens Neural 
Behav Physiol 202:131–146. doi: 10.1007/s00359-
015-1059-7 
Sparks JT, Bohbot JD, Dickens JC (2014) The 
genetics of chemoreception in the labella and tarsi 
of Aedes aegypti. Insect Biochem Mol Biol 48:8–16. 
doi: 10.1016/j.ibmb.2014.02.004 
Stamatakis A (2006) RAxML-VI-HPC: maximum 
likelihood-based phylogenetic analyses with 
thousands of taxa and mixed models. Bioinforma 
Oxf Engl 22:2688–2690. doi: 
10.1093/bioinformatics/btl446 
Steinbrecht RA (1996) Structure and function of 
insect olfactory sensilla. Ciba Found Symp 200:158-
174-177. 
Stengl M, Funk NW (2013) The role of the 
coreceptor Orco in insect olfactory transduction. J 
Comp Physiol A 199:897–909. doi: 
10.1007/s00359-013-0837-3 
Stensmyr MC, Dweck HKM, Farhan A, et al (2012) A 
Conserved Dedicated Olfactory Circuit for 
Detecting Harmful Microbes in Drosophila. Cell 
151:1345–1357. doi: 10.1016/j.cell.2012.09.046 
Stocker RF (2001) Drosophila as a focus in olfactory 




structure, odor specificity, odorant receptor 
expression, and central connectivity. Microsc Res 
Tech 55:284–296. doi: 10.1002/jemt.1178 
Strausfeld NJ (2002) Organization of the honey bee 
mushroom body: representation of the calyx 
within the vertical and gamma lobes. J Comp 
Neurol 450:4–33. doi: 10.1002/cne.10285 
Strutz A, Soelter J, Baschwitz A, et al (2014) 
Decoding odor quality and intensity in the 
Drosophila brain. eLife 3:e04147. doi: 
10.7554/eLife.04147 
Sun Y-L, Huang L-Q, Pelosi P, Wang C-Z (2012) 
Expression in Antennae and Reproductive Organs 
Suggests a Dual Role of an Odorant-Binding Protein 
in Two Sibling Helicoverpa Species. PLoS ONE 
7:e30040. doi: 10.1371/journal.pone.0030040 
Suzuki T (1980) 4, 8-Dimethyldecanal: The 
aggregation pheromone of the flour beetles, 
Tribolium castaneum and T. confusum (Coleoptera: 
Tenebrionidae). Agric Biol Chem 44:2519–2520. 
Syed Z, Leal WS (2007) Maxillary Palps Are Broad 
Spectrum Odorant Detectors in Culex 
quinquefasciatus. Chem Senses 32:727–738. doi: 
10.1093/chemse/bjm040 
Tegoni M, Campanacci V, Cambillau C (2004) 
Structural aspects of sexual attraction and 
chemical communication in insects. Trends 
Biochem Sci 29:257–264. doi: 
10.1016/j.tibs.2004.03.003 
Tomoyasu Y, Denell RE (2004) Larval RNAi in 
Tribolium (Coleoptera) for analyzing adult 
development. Dev Genes Evol 214:575–578. doi: 
10.1007/s00427-004-0434-0 
Utz S, Huetteroth W, Vömel M, Schachtner J (2008) 
Mas-allatotropin in the developing antennal lobe 
of the sphinx moth Manduca sexta: Distribution, 
time course, developmental regulation, and 
colocalization with other neuropeptides. Dev 
Neurobiol 68:123–142. doi: 10.1002/dneu.20579 
Veenstra JA, Lau GW, Agricola HJ, Petzel DH (1995) 
Immunohistological localization of regulatory 
peptides in the midgut of the female mosquito 
Aedes aegypti. Histochem Cell Biol 104:337–347. 
Vermehren-Schmaedick A, Scudder C, Timmermans 
W, Morton DB (2011) Drosophila gustatory 
preference behaviors require the atypical soluble 
guanylyl cyclases. J Comp Physiol A 197:717–727. 
doi: 10.1007/s00359-011-0634-9 
Visser JH (1986) Host Odor Perception in 
Phytophagous Insects. Annu Rev Entomol 31:121–
144. doi: 10.1146/annurev.en.31.010186.001005 
Vogt RG (2005) Molecular Basis of Pheromone 
Detection in Insects. In: Comprehensive Insect 
Physiology, Biochemistry, Pharmacology and 
Molecular Biology. Elsevier, London,  
Vogt RG, Miller NE, Litvack R, et al (2009) The 
insect SNMP gene family. Insect Biochem Mol Biol 
39:448–456. doi: 10.1016/j.ibmb.2009.03.007 
Vogt RG, Riddiford LM (1981) Pheromone binding 
and inactivation by moth antennae. Nature 
293:161–163. doi: 10.1038/293161a0 
Vosshall LB (2000) Olfaction in Drosophila. Curr 
Opin Neurobiol 10:498–503. 
Vosshall LB, Hansson BS (2011) A Unified 
Nomenclature System for the Insect Olfactory 
Coreceptor. Chem Senses bjr022. doi: 
10.1093/chemse/bjr022 
Vosshall LB, Stocker RF (2007) Molecular 
architecture of smell and taste in Drosophila. Annu 
Rev Neurosci 30:505–533. doi: 
10.1146/annurev.neuro.30.051606.094306 
Wang J, Li D-Z, Min S-F, et al (2014a) Analysis of 
chemosensory gene families in the beetle 
Monochamus alternatus and its parasitoid 
Dastarcus helophoroides. Comp Biochem Physiol 
Part D Genomics Proteomics 11:1–8. doi: 
10.1016/j.cbd.2014.05.001 
Wang L, Wang S, Li Y, et al (2007) BeetleBase: the 
model organism database for Tribolium 
castaneum. Nucleic Acids Res 35:D476–D479. doi: 
10.1093/nar/gkl776 
Wang X, Fang X, Yang P, et al (2014b) The locust 
genome provides insight into swarm formation and 
long-distance flight. Nat Commun. doi: 
10.1038/ncomms3957 
Chapter 3 
  115 
Wang Y, Chiang A-S, Xia S, et al (2003) Blockade of 
Neurotransmission in Drosophila Mushroom 
Bodies Impairs Odor Attraction, but Not Repulsion. 
Curr Biol 13:1900–1904. doi: 
10.1016/j.cub.2003.10.003 
Wanner KW, Robertson HM (2008) The gustatory 
receptor family in the silkworm moth Bombyx mori 
is characterized by a large expansion of a single 
lineage of putative bitter receptors. Insect Mol Biol 
17:621–629. doi: 10.1111/j.1365-
2583.2008.00836.x 
Weiss LA, Dahanukar A, Kwon JY, et al (2011) The 
Molecular and Cellular Basis of Bitter Taste in 
Drosophila. Neuron 69:258–272. doi: 
10.1016/j.neuron.2011.01.001 
Whiteman NK, Pierce NE (2008) Delicious poison: 
genetics of Drosophila host plant preference. 
Trends Ecol Evol 23:473–478. doi: 
10.1016/j.tree.2008.05.010 
Wicher D, Schäfer R, Bauernfeind R, et al (2008) 
Drosophila odorant receptors are both ligand-
gated and cyclic-nucleotide-activated cation 
channels. Nature 452:1007–1011. doi: 
10.1038/nature06861 
Yamagata N, Nishino H, Mizunami M (2007) Neural 
pathways for the processing of alarm pheromone 
in the ant brain. J Comp Neurol 505:424–442. doi: 
10.1002/cne.21500 
Yang C-H, Belawat P, Hafen E, et al (2008) 
Drosophila egg-laying site selection as a system to 
study simple decision-making processes. Science 
319:1679–1683. doi: 10.1126/science.1151842 
Younus F, Chertemps T, Pearce SL, et al (2014) 
Identification of candidate odorant degrading 
gene/enzyme systems in the antennal 
transcriptome of Drosophila melanogaster. Insect 
Biochem Mol Biol 53:30–43. doi: 
10.1016/j.ibmb.2014.07.003 
Zdobnov EM, Apweiler R (2001) InterProScan - an 
integration platform for the signature-recognition 
methods in InterPro. Bioinforma Oxf Engl 17:847–
848. 
Zhang YV, Ni J, Montell C (2013) The Molecular 
Basis for Attractive Salt-Taste Coding in Drosophila. 
Science 340:1334–1338. doi: 
10.1126/science.1234133 
Zhu F, Moural TW, Shah K, Palli SR (2013) 
Integrated analysis of cytochrome P450 gene 
superfamily in the red flour beetle, Tribolium 









Figure 1 - figure 
supplement 1. 
Fluorescent in situ 
hybridization against 
Orco in the club 
segments in a 
maximum projection 





Figure 1 - figure supplement 2. Antibody staining against DsRed and Orco of the EF1-B-DsRed line. Maximum 
projection of a confocal image stack of a halved antenna of the EF1-B-DsRed line, with an antibody staining 
against DsRed and Orco and in addition DAPI. Showing Orco immunoreactivity in the last three segments and 
particularly in the SBas. The DsRed reporter line labels in addition the scolopidia cells of the Johnston's organ 
(JO) in the pedicellus (P). S, scapus 
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Figure 1 - figure supplement 3. Comparison of sensilla type numbers on the antenna of Tribolium castaneum 
and chemosensory neurons entering the sensilla types. (A-E) Number of different sensilla types on the 
eleventh segment of the antenna: (A) sensilla campaniformis (Scam: ♂ 5.4; SD 1.8; ♀ 5.4; SD 0.8), (B) spatulate 
bristles (SpaB: ♂ 10.2; SD 0.9; ♀ 10.3; SD 0.9), (C) mechanoreceptive sensilla trichoideum (mSTri: ♂ 36.9; SD 3; 
♀ 37.6; SD 4.3), (D) chemoreceptive sensilla trichoideum (cSTri: ♂ 86.3; SD 9.3; ♀ 87.1; SD 6.9), (E) sensilla 
coeloconica (SCoe: ♂ 6.8; SD 1.4; ♀ 7.6; SD 1.1). (F) Amount of sensilla basiconica on the club segments (11th: 
♂ 24.4; SD 1.5; ♀ 25.5; SD 1.3; 10th: ♂ 16.2; SD 1.5; ♀ 16.4; SD 1.4; 9th: ♂ 13.6; SD 0.9; ♀ 13.8; SD 1.1), 
regardless of the number of prongs. (G) Number of sensilla basiconica as in (F), but considering the prong 
number. (H) Number of different sensilla in the lateral corner of the 10th and 9th segment. (I) Number of 
chemosensory neurons (CSNs) entering the chemoreceptive sensilla: SBas 5.92 CSNs per prong (SD = 1.2; n = 73 
prongs of total 48 SBas), cSTri 1.07 CSNs (SD = 0.25; n = 61), and SCoe 3.16 CSNs (SD = 1.10; n = 5). Error bars 





Figure 1 - figure supplement 4. Antibody staining against Orco in different sensilla. (A) Optical section of a 
mechano- and chemosensillum trichoideum (mSTri and cSTri) labeled with an Orco antibody (green) shows 
immunoreactivity only within the sensillum cavity of the cSTri; in blue autofluorescence of the cuticle at 560 
nm. (B-B’’) Single optical section of a sensilla basiconica (SBas) in the EF1-B-DsRed (magenta, B’) line labeled 
with an Orco antibody (green, B’’) reveals signals of both channels particularly within the cavity and at the base 
of the sensillum; both channels also show autofluorescence of the cuticle. (C-C’’) Optical section of two sensilla 
coeloconica (SCoe) in the EF1-B-DsRed (magenta, C’) line labeled with an Orco antibody (green, C’’) reveals no 
specific immunoreactivity within the sensilla cavities; both channels also show autofluorescence of the cuticle. 
 
Figure 1 – figure supplement 5. 
Immunohistochemical characterization 
of the partial Orco-Gal4 line in the 
palps. (A). Double immuno-staining 
against Orco (green) and dsRed 
(magenta) in the palps of the Orco-
Gal4/UAS-dsRed line reveals that all 
genetically labeled neurons are also 
Orco-ir. However, in contrast to the 
antennae, in which about half of the 
Orco-ir neurons are labeled in the 
partial Orco-Gal4 line, only a few of the 
the Orco-ir odorant receptor neurons 
express the reporter in the palps. The 
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Figure 1 - figure 
supplement 6. 
Immunohistochemical 
characterization of the 
Orco-Gal4 line in the 
antenna and brain. (A-
A’’) Double immune-
staining against Orco 
(magenta) and tGFP 
(green) in the antennae 
revealed that only half 
of the Orco-ir neurons 
expressing tGFP (arrow 
indicates colocalization, 
arrowhead as an 
example for no colocalization). (B) Antibody staining against tGFP in the Orco-Gal4/UAS-tGFP line (orange) 
labels only half of the AL glomeruli represented as 3D-reconstruction (light green, based on a phalloidin 
staining). AL glomeruli not labeled are not shown.  
 
 
Figure 1 – figure supplement 7. UAS responder lines in the absence of Gal4 driver. In the four rows maximum 
projections of head capsules from different transgenic strains (Orco-Gal4/UAS-tGFP, UAS-tGFP, Orco-Gal4/UAS-
dsRed, and UAS-dsRed) are depicted. The upper row represents the overlay of both channels (GFP/YFP in green 
and dsRed in red). In case of the UAS responders without the Gal4 driver, high resolution images of the palps 
and the antennal club are provided. In the second and third rows the separated channels are given as greyscale 
images. The UAS-tGFP and UAS-dsRed lines do not show leaky reporter expression in the absence of a Gal4 
driver in the antennae and palps. The presence of the genetic constructs is indicated by the eye markers: 
pBac[3XP3-dsRed_UAS-Tchsp68bP-tGFP-SV40] and pBac[3XP3-eYFP_UAS-Tchsp68bP-DsRedex-SV40]. The 






Figure 1 – figure supplement 8. Specificity of the 
Orco antibody. IHC against Orco in antennae of (A) 
a San Bernadino beetle after Orco
RNAi
 treatment 
(light cuticle, inset in the left lower corner) and (B) 
an untreated control included in the IHC (black 
strain identified by dark cuticle). The crossreactive 
Orco antiserum results in no detectable staining in 
the antenna after Orco knockdown, whereas in the 
antenna of the untreated beetles, the odorant 
receptor neurons (ORNs) are clearly labeled by the 
antiserum (magenta). This indicates the specificity 
of the Orco antiserum against TcasOrco. 
Counterstaining with Phalloidin (green) and DAPI 
(blue). The Orco antibody staining was labeled 
with a goat anti rabbit Cy3 secondary antibody. 
 
Figure 3 - figure supplement 1. Camera path through a confocal stack 
of the AL with backfills of the antenna and maxillary palp. (see CD for 
content) Obtained from the same confocal stack as Figure 3A. 
Antennal backfill in green and maxillary palp in magenta. 
 
 
Figure 3 - figure supplement 3. Voltex projection of the gnathal 
ganglion and part of the brain of the Orco-Gal4/UAS-DsRed line. 
(see CD for content) The video was obtained from the same confocal 
stack as Figure 3F. And shows two paired input tracts from the 
maxillary and labial palps that converge in GOC and ascend to the 
LGs, as well as the partially labeled ALs.  
 
Figure 3 - figure supplement 4. 3D reconstructions of the antennal 
nerve, antennal lobe, antennal mechanosensory and motor center, 
and lobus glomerulatus. (see CD for content) Z-stack video of a 
phalloidin stained brainwith embedded 3D-Reconstruction of 
antennal lobe (dark blue), antennal nerve (light blue), antennal 
mechanosensory and motor center (turquoise), and the lobus 
glomerulatus (magenta). Later the neuropils are embedded in a 
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Figure 3 - figure supplement 2. Ipsilateral antennal projection. Maximum intensity projection of a brain 
labeled with an antibody against synapsin (green) and a neurotracer resulting from an antennal backfill 
(magenta). The antennal backfill labels exclusively structures in the ipsilateral hemisphere, mainly the AL via 
the antennal nerve (*), and a tract (arrowhead) descending to the gnathal ganglion. The inset depicts a 
projection of only a few optical sections showing fibers interconnecting the AL and the protocerebrum with 
some arborizations in the accessory medulla of the optical lobe (arrow) suggesting an integration of circadian 
information.  
 
Figure 7 - figure supplement 1. Venn diagrams of numbers 
of IRs expressed in different tissues. Venn diagram showing 
the number of IRs expressed (RP M≥0.5) in the different 
body parts: antennae, legs, mouthparts (as piece of the 
head capsule anterior of the antennae), heads (the whole 
head capsule including “mouthparts” but excluding the 






Figure 7 - figure supplement 2. Chromosomal localization of T. castaneums IRs and SNMPs. Based on Georgia 
GA-2 strain genome assembly 3 (Richards et al. 2008), only chromosomal linkage groups containing an IR or 
SNMP are depicted. Genecluster are indicated by a number referring to the chromosome and a letter conveys 
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Figure 8 - figure supplement 1. Phylogenetic tree of IRs. Outer rings represent the expression in body, 
“mouthparts” (T. castaneum: palps, mandible, labrum and labium; D. melanogaster: palp and proboscis; An. 
gambiae: maxillary palp) and antenna as percentage compared to the highest expressed gene according to the 
scale in the left upper corner. Please note that the methods used to obtain the different expression data 
(RNAseq and microarray) are not directly comparable this figure can thus only give an impression of the tissue-
specific abundance of the transcripts. The scale bars within the trees represent 1 amino acid substitution per 
site. Antennal IRs are highlighted in yellow. 
  
Figure 9 - figure supplement 1. Venn diagrams of numbers 
of GRs expressed in different tissues. Venn diagram showing 
the number of GRs expressed (RP M≥0.5) in the different 
body parts: antennae, legs, mouthparts (as piece of the head 
capsule anterior of the antennae), heads (the whole head 
capsule including “mouthparts” but excluding the antennae), 







Figure 9 - figure supplement 2. Chromosomal localization of T. castaneums GRs. Based on Georgia GA-2 strain 
genome assembly 3.0 (Richards et al. 2008), only chromosomal linkage groups containing an IR or SNMP are 
depicted. Genecluster are indicated by a number referring to the chromosome and a letter conveys its relative 
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Figure 10 - figure supplement 1.Phylogenetic mid-point rooted tree of the GRs based on protein sequences. 
Outer rings represent the expression in body, “mouthparts” (T. castaneum: palps, mandible, labrum and 
labium; D. melanogaster: palp and proboscis; An. gambiae: maxillary palp) and antenna as percentage 
compared to the highest expressed gene according to the scale in the left upper corner. Please note that the 
methods used to obtain the different expression data (RNAseq and microarray) are not directly comparable this 
figure can thus only give an impression of the tissue-specific abundance of the transcripts. The scale bars within 
the trees represent 1 amino acid substitution per site. Potential sugar and fructose receptors are labeled and 









Figure 11 - figure supplement 1. Venn diagrams of 
numbers of ORs expressed in different tissues. Venn 
diagram showing the number of ORs expressed 
(RP M≥0.5) in the different body parts: antennae, legs, 
mouthparts (as piece of the head capsule anterior of the 
antennae), heads (the whole head capsule including 
“mouthparts” but excluding the antennae), and bodies 






Figure 11 - figure supplement 2. Venn diagram 
comparing our results with data from Engsontia et al., 
2008. Amount of expressed ORs, either defined by 
RP M≥0.5 (yellow), or by RT-PCR (blue), or not 
expressed RPKM<0.5 (green) or no RT-PCR amplicon 
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Figure 11 - figure supplement 3. Chromosomal localization of T. castaneums ORs. Based on Georgia GA-2 
strain genome assembly 3.0 (Richards et al. 2008), only chromosomal linkage groups containing an IR or SNMP 
are depicted. Genecluster are indicated by a number referring to the chromosome and a letter conveys its 







Figure 12 - figure supplement 1. Phylogenetic tree of the ORs based on protein sequences. Outer rings 
represent the expression in body, “mouthparts” (T. castaneum: palps, mandible, labrum and labium; D. 
melanogaster: palp and proboscis; An. gambiae: maxillary palp) and antenna as percentage compared to the 
highest expressed gene according to the scale in the left upper corner. Please note that the methods used to 
obtain the different expression data (RNAseq and microarray) are not directly comparable this figure can thus 
only give an impression of the tissue-specific abundance of the transcripts. The scale bars within the trees 
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Figure 13 - figure supplement 1. Chromosomal localization of T. castaneums potential ODEs. Based on 
Georgia GA-2 strain genome assembly 3.0 (Richards et al. 2008), aldehyde dehydrogenase (ALDH, in grey), 
aldehyde oxidase (ALOX, in orange), carboxylesterase (CES, in blue), epoxide hydrolase (EH, in green), and 
glutathione S-transferase (GST, in purple), cytochrome P450 (CYP, in magenta),. Genecluster are indicated by a 
number referring to the chromosome and a letter conveys its relative position on the chromosome, the 






Supplemental Table 1. Summary of the RNAseq data. (see CD for content) 
In column (A) the gene name of the GRs according to (Richards et al. 2008), the ORs from (Engsontia et al. 
2008), the SNMPs modified after (Nichols and Vogt 2008; Vogt et al. 2009), the T. castaneum orthologous of D. 
melanogaster genes named after candidates obtained from (Martin et al. 2013), the GSTs named after (Shi et 
al. 2012), the CYPs named after (Zhu et al. 2013) and the remaining ODE candidates de novo named according 
to their chromosomal localization (Figure 13-figure supplement 1). In column (B) the sequences of the ORF 
based on published annotations or existing gene models, but modified if necessary. Confirmed gene models are 
highlighted in grey, modified ones are highlighted in yellow, only partially covered but expressed ones are 
highlighted in orange, genes with low and scattered coverage are highlighted in red, not highlighted sequences 
were not manually checked. In column (C-I) the average RPKM values of antennae, mouthparts (piece of the 
head capsule anterior of the antennae), legs, head (without antennae but including mouthparts) and remaining 
body of sex separated adult animals and from head and body of larvae. In column (J-Q) the results of the 
statistical analysis conducted in R (R Core Team 2013) with the DESeq package (version1.12.0) (Anders and 
Huber 2010)(from bioconductor (Gentleman et al. 2004), based on 5 antenna samples and 2 replicates for the 
other adult tissues in comparison to body. 
 
Supplemental Table 2. Used primary/secondary antibodies and dyes with all important additional 
information such as source and specificity. 
 
 
Supplemental Sequences. Sequences of primers and template plasmid used to generate 








Used dilution Donor/source, reference Specificity
D. melanogaster  Synapsin I α-Synapsin Mouse 1/50
Dr. E. Buchner, University of Würzburg, Germany; 
Klagges et al., 1996
Utz et al., 2008
Moth Odorant receptor 
coreceptor
α-Orco Rabbit 1/500
Dr. J. Krieger, Martin-Luther-Universität Halle-
Wittenberg, Germany
RNAi  Figure 1 - figure 
supplement 8
Locusta migratoria Tachykinin 
II
α-TKRP Rabbit 1/10000
Dr. H. Agricola University of Jena, Germany; Veenstra 
et al., 1995 
Binzer et al., 2014
Red fluorescent protein α-DsRed Chicken 1/2000 Rockland Immunochemicals INC, Limerick, PA, USA
Red fluorescent protein α-DsRed Rat 1/1000 ChromoTek GmbH, Planegg-Martinsried, Germany 
Turbo Green fluorescent protein α-tGFP Rabbit 1/8000 Evrogen, Moscow, Russia
Name Abbreviation Coupled dye Used dilution
goat anti-rabbit GAR Cy2 1/300
goat anti-rabbit GAR Cy5 1/300
goat anti-mouse GAM Cy5 1/300
goat anti-chicken GAC Alexa488 1/300
goat anti-rat GARat Cy5 1/300
Name Abbreviation stains Dilution
4‘,6-Diamidin-2-phenylindol DAPI nuclei 1/20000
Alexa Fluor 488 coupled 
phalloidin
Phalloidin f-actin 1/200
Neurobiotin neurotracer 4% solution
Texas-Red coupled 3000 MW 
dextran
neurotracer
50 mg/ml or 
crystals
Biotin coupled 3000 MW 
dextran
neurotracer crystals
Cy3 coupled Streptavidin biotin 1/200 Dianova, Hamburg, Germany
Donor / source / reference
Sigma-Aldrich, Taufkirchen, Germany
Molecular Probes, Eugene, OR, USA
Vector Laboratories, Burlingame, UK
Molecular Probes, Invitrogen, Karlsruhe, Germany
Molecular Probes, Invitrogen, Karlsruhe, Germany
Stain
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Appendix A. Supplementary data 
The following are the Supplementary data related to this article. 
 
Supplementary Fig. 1.  
Immunoreactivity of Kenyon cell bodies towards different neuropeptide antisera. (A) MIP-like immunoreactivity 
in the brain of the apterygote Thermobia domestica. Individual immunostained somata (arrowheads) are 
located medial to the clearly demarcated aggregation of Kenyon cell bodies (KCb) capping the calycal neuropil 
(Ca); immunoreactive Kenyon cell somata are not evident. (B) Allatotropin-like immunoreactivity in the calyx 
region of the silkmoth Bombyx mori. The antiserum produces pronounced staining in the peduncle and lobes of 
the mushroom body (compare Fig.4D), but immunolabeling of Kenyon cell somata is rather faint and can only 
be observed in a thin cortex of cell bodies (arrowheads). (C) sNPF-like immunoreactivity in the calyx region of 
the mosquito Aedes aegypti. The antiserum labels intrinsic mushroom body neurons, producing immuostaining 
in the Kenyon cell bodies, the peduncle, and the lobes (refer to Fig. 8). As Kenyon cell somata are almost 
completely occupied by the cell nuclei, immunostaining in this region is limited to a thin halo surrounding each 
nucleus, resulting in a reticulated staining pattern (insert). blue: DAPI-labeled cell nuclei, green: synapsin-
immunoreactivity, magenta: MIP-like (A), allatotropin-like (B), or sNPF-like (C) immunoreactivity. Scale bars: 
50 μm. 
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Supplementary Fig. 2.  
(A) Maximum projection of SIFamide-like immunoreactivity (magenta) and anti-synapsin staining (green) in the 
brain of the honeybee, Apis mellifera. Four immunostained cell bodies located in the pars intercerebralis 
(dashed circle) provide ramifications that extend throughout the brain and supply most of the major neuropils, 
including the mushroom bodies (MB), the lobula (Lo) and the medulla (Me). (B) Maximum projection of 
SIFamide-like immunoreactivity (magenta) and cell nuclei labeling (blue, only left side) in the brain of the 
apterygote Thermobia domestica. Comparatively large immunopositive somata are located in the pars 
intercerebralis (dashed circle) and medial to the antennal lobes (AL). Smaller somata reside lateral to the tightly 
packed Kenyon cell bodies (KCb) and in the lateral protocerebrum. Immunostained fibers form arborizations 
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AL  antennal lobe 
AN antennal nerve 
CA calyx 
CN Centrifugal neuron 
DAPI 4',6-diamidinophenyindole 
LN Local interneuron 
MB mushroom body 
OR olfactory receptor  
OSN olfactory sensory neurons 
PBS phosphate buffered saline 
PN Projection neuron  
TKRP Tachykinin-related peptides 




Beetles comprise about 400,000 described species, 
nearly one third of all known animal species. The 
enormous success of the order Coleoptera is 
reflected by a rich diversity of lifestyles, behaviors, 
morphological, and physiological adaptions. All 
these evolutionary adaptions that have been 
driven by a variety of parameters over the last 
about 300 million years, make the Coleoptera an 
ideal field to study the evolution of the brain on 
the interface between the basic bauplan of the 
insect brain and the adaptions that occurred. In the 
current study we concentrated on the paired 
antennal lobes (AL), the part of the brain that is 
typically responsible for the first processing of 
olfactory information collected from olfactory 
sensilla on antenna and mouthparts. We analyzed 
63 beetle species from 22 different families and 
thus provide a hitherto unreached comparison of 
principal neuroarchitecture of the AL. On the 
examined anatomical level, we found a broad 
diversity including AL containing a wide range of 
glomeruli numbers reaching from 50 to 150 
glomeruli and several species with numerous small 
glomeruli, resembling the microglomerular design 
described in acridid grasshoppers and diving 
beetles, and substructures within the glomeruli 
that have to date only been described for the small 
hive beetle, Aethina tumida. A first comparison of 
the various anatomical features of the AL with 
available descriptions of lifestyle and behaviors did 
so far not reveal useful correlations. In summary, 
the current study provides a solid basis for further 
studies to unravel mechanisms that are basic to 




Beetles first appeared in the early Permian (around 
270 - 300 million years ago) [1-3]. Their 
evolutionary success appears to have been sparked 
by an initial burst of speciation and consolidated 
through high diversification and low extinction 
rates throughout history [4]. This has been 
attributed to their effective adaptation to 
geological and climatic changes [5] and a 
coleopteran co-evolution with mammals [6] and 
angiosperms [7].  
Today, Coleoptera is the most species-rich 
metazoan order. With about 400,000 described 
species, beetles represent approximately 30% of all 
known animal species [2,8-10]. Based on this 
enormous species richness, Coleoptera display a 
vast diversity of lifestyles and behaviors, inhabiting 
all biomes but the marine environment and 
comprising, inter alia, nocturnal and diurnal 
species, mutualistic and parasitic symbionts, 
generalists and specialists, carnivorous, 
herbivorous, detritivorous and coprophagous taxa 
[11]. 
This huge diversity is mirrored by numerous 
physiological and morphological adaptations. We 
here seek to explore whether the diversity is also 
reflected by neuroanatomical adaptions in the 
central nervous system.  Beetles provide an 
excellent opportunity to explore the extent of such 
adaptions within a single insect order. Since 
olfaction plays a prominent role in the life history 
of insects (finding food, hosts, mates etc.; [12- 17], 
we focused our investigation on the primary 
olfactory neuropil, the paired antennal lobes (AL).  
In insects, olfactory information is detected by 
olfactory sensory neurons (OSN) housed in 
olfactory sensilla on the antennae and the labial 
and/or maxillary palps of the mouthparts [18-20]. 
Via the antennal nerve (AN), olfactory input from 
the antenna is passed on to the AL, the first 
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integration center for olfactory information. 
Typically, the AL comprises spherical 
subcompartments, the olfactory glomeruli [20,21] 
and also typically, all OSN expressing the same 
type of olfactory receptor (OR) converge onto the 
same glomerulus [22]. The number of glomeruli 
can vary among different species, ranging from 
about 40 to sometimes several hundred [21,23,24]. 
Within the AL, the olfactory information is 
processed by a complex network of neurons, 
including OSN, local interneurons (LN), projections 
neurons (PN), and centrifugal neurons (CN) [21]. 
The olfactory representation within the AL is 
shaped by the neuronal network and by a variety 
of neuroactive substances, most notably the 
inhibitory transmitter gamma amino-butyric acid 
(GABA), the excitatory transmitter acetylcholine 
[25-31] but also biogenic amines, neuropeptides 
like e.g. Tachykinin-related peptides (TKRP), and 
gaseous signaling molecules [21,32-34]. The PN 
forward the processed olfactory information via 
antennal lobe tracts (ALT) to higher brain centers 
(in particular the mushroom bodies [MB] and the 
lateral horn [LH] [21,35]). 
Despite their diversity and species richness, as well 
as their preeminent ecological and economic 
importance [2,8], a comprehensive and 
comparative analysis of the coleopteran olfactory 
system has not been conducted to date. Detailed 
information on the AL of Coleoptera is scarce [21] - 
only the AL of the scarab beetle Holotrichia 
diomphalia [36], of the red flour beetle Tribolium 
castaneum [33,37,38], and of the small hive beetle 
Aethina tumida [39] have been investigated in 
greater detail. Exhibiting 60-90 spherical glomeruli, 
the AL in these species conform to the basic 
bauplan of a typical insect AL [21]. However, for 
some beetle species, atypical AL anatomies have 
been reported. The AL of Dytiscinae (diving 
beetles) have been described as non-glomerular 
[40- 42] and AL seem to be missing altogether in 
aquatic Gyrinidae (whirligig beetles) – possibly 
representing a loss-of-function and indicating 
anosmia in these animals [42,43]. However, a 
recent study found numerous small glomeruli 
within Dytiscinae [44]. Recent investigations in A. 
tumida, using antibodies against TKRP, a 
neuropeptide known to modulate olfactory 
sensitivity and locomotor activity in the fruit fly 
Drosophila melanogaster [45- 47], revealed 
hitherto undescribed substructures within the 
olfactory glomeruli [39].  
In the current study, we investigated the AL of 63 
beetle species from 22 different families, thus 
providing the most exhaustive dataset on AL 
neuroarchitecture within an insect order to date. 
Glomeruli numbers were obtained for 32 of the 
examined beetle species, reaching from 50 to 150 
glomeruli (with 80 to 120 glomeruli in the majority 
of animals) and revealing much more diversity than 
would be expected from existing studies [33,36-
39]. The observed neuroanatomical diversity of 
coleopteran AL organization also includes several 
species with numerous small glomeruli 
(comparable to the situation in acridid 
grasshoppers and diving beetles) and AL 
substructures recently described for the small hive 
beetle, Aethina tumida [39]. 
 
Results  
General architecture and number of glomeruli 
within the coleopteran antennal lobes  
We obtained numbers of olfactory glomeruli in 32 
coleopteran species (Fig. 1). With regard to their 
general neuroanatomical makeup, the AL could be 
categorized into two groups: 1) AL containing 50 – 
150 more or less spherical or oval shaped glomeruli 
of a regular size, typically arranged around a 
central coarse neuropil, comparable to the 
conditions found in the majority of insects (e.g. in 
Diptera, Hymenoptera, or Lepidoptera, [21]). In the 
majority of the examined beetles, the number of 
glomeruli per AL ranges from 80 to 120 glomeruli. 
2) AL comprising approximately 400 – 1,000 small 
glomeruli, comparable to the microglomeruli of 
locusts and other Acrididae [21,48]. Interestingly, 
within Coleoptera, such microglomeruli are only 
observed within two families that are not closely 
related to each other (Coccinellidae and 
Dytiscidae; see below). In general, the number of 
glomeruli does not vary much within families, with 
the exception of Dytiscidae (one species with 






Fig. 1: Phylogenetic tree of the investigated Coleopteran species, providing information on the design of their 
antennal lobes, their lifestyles (information on habitat and major nutrition) and their relative neuropil volumes. 
Families in which only a single species was examined are: 1 = Pyrochroidae; 2 = Mordellidae; 3 = Lymexylidae; 
4 = Nitidulidae; 5 = Lampyridae; 6 = Elateridae; 7 = Ptinidae; 8 = Dermestidae; 9 = Bolboceratidae; 10 = Geotrupidae; 
11 = Gyrinidae. Icons to the right of the family names show whether AL substructures could be observed and whether 
these are -immunoreactive to tachykinin-related peptide (TKRP) or if a microglomerular organization could be 
observed (see legend at the bottom; *: no immunostainings against TKRP are available). Data on lifestyle of the 
animals extracted from: [49- 53]. 
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TKRP-ir substructures in antennal lobe glomeruli  
 Among the 63 investigated beetle species, the 
olfactory glomeruli of almost 25 % exhibited TKRP-
immunoreactive (TKRP-ir) substructures similar to 
those described in A. tumida [39]. In addition to 
the Nitidulid A. tumida, TKRP-ir glomerular 
substructures were observed in representatives of 
six different families (Cerambycidae, Dermestidae, 
Silphidae, Lucanidae, Bolboceratidae, and 
Scarabaeidae). However, careful in-group 
comparisons in four families revealed that TKRP-ir 
substructures cannot per se be regarded as 
characteristic of a respective family.  
For example, within Cerambycidae (longhorn 
beetles), only A. tabacicolor exhibits TKRP-ir 
substructures (Fig. 2 A). In the Cerambycidae P. 
cerambyciformis, S. melanura, and R. bifasciatum 
TKRP-ir fibers/areas can be observed in various 
regions of the brain (primarily in the 
protocerebrum) but in the AL, marked TKRP-ir 
stainings were absent. In the Silphidae (burying 
beetles), N. vespilloides and P. atrata were 
investigated. While the former possesses well 
defined TKRP-ir substructures within its glomeruli 
(Fig. 2 B), the AL of P. atrata exhibit a 
homogeneous TKRP-ir staining pattern that does 
not indicate such structuring (Fig. 2 C). The family 
in which we identified the most species exhibiting 
TKRP-ir substructures are the Scarabaeidae. Within 
this family, seven of the investigated animals 
display well-defined TKRP-ir substructures within 
their glomeruli (A. solstitiale [Fig. 2 D], C. africana 
africana [Fig. 2 E], P. aemula [Fig. 2 F], P. 
ephippiata [Fig. 2 G], E. hornimanni [Fig. 2 H], E. 
aethiopica [Fig. 2 I], and E. schultzeorum [Fig. 2 J]), 
while one species (D. derbyana derbyana [Fig. 2 K]) 
exhibits only weakly demarcated TKRP-ir 
substructures. One species (O. funesta [Fig. 2 L]) 
possess a granular TKRP-ir staining pattern within 
its glomeruli, while the stainings against synapsin 
reveals a substructured organization in some 
glomeruli (Fig. 2 L, arrowhead).   
Furthermore, well-defined TKRP-ir substructures 
were observed in D. maculatus (Fig. 2 M) and in a 
bolboceratid species (Fig. 2 N), while in 
comparison, L. cervus (Fig. 2 O arrowheads) 
exhibited only weakly demarcated TKRP-ir 
substructures. In G. stercorarius, many of the 
glomeruli show weakly labeled TKRP-ir 
substructures (Fig. 2 P arrowheads), while some of 
the glomeruli are homogeneously labeled (Fig. 2 P 
arrow). 
In all other species, inspection of TKRP-
immunoreactivity of AL revealed a homogeneous 
(like for Tenebrio molitor [Fig. 2 Q]) or evenly 
granular staining of the glomeruli (like in S. 
paniceum [Fig. 2 R] or O. funesta [Fig. 2 L]), or no 
glomerular TKRP-immunoreactivity at all (like in P. 
muelleri [Fig. 2 S]). 
As already described for O. funesta (Fig. 2 L), in 
some of the examined species, the substructures 
are clearly labeled in stainings against synapsin 
and/or axonal actin (phalloidin), indicating dense 
synaptic networks. These species include a 
bolboceratid species (Fig. 2 N arrowheads), P. 
aemula (Fig. 2 F arrowhead), P. ephippiata (Fig. 2 G 
arrowhead), O. funesta (Fig. 2 L arrowheads), P. 
muelleri (Fig. 2 S arrowhead) and Trichius spec. 
(Fig. 2 T arrowheads), while some species showed 
indications for such substructures (like in digital 
supplement Fig. S1). 
Comparable TKRP-ir substructures are unknown 
from other insects. TKRP-ir stainings in the AL of 
other insects have usually been described as 
homogeneous or uniform, like in D. melanogaster 
[32], Spodoptera litura [54], Aedes aegypti [34], 
Periplaneta americana [55], or Leucophaea 
maderae [56]. This also applies to insects with 
atypical glomeruli (like the many small 
microglomeruli in Acrididae [21,48]). For example, 
in the acridid Schistocerca gregaria TKRP-ir labeled 
fibers could only be observed within the 
interglomerular space [57].  
 
Innervation of the TKRP-ir substructures   
What types of neurons contribute to the formation 
of the glomerular substructures in Coleoptera? In 
A. tumida, Kollmann et al. [39] could identify about 
80 TKRP-ir LN entering the AL and the 
substructures of the glomeruli, but did not observe 
TKRP-ir in the antennal nerve (AN). Similarly, in this 
work, all animals with TKRP-ir substructures show 
TKRP-ir LN entering the AL but a lack of TKRP-ir in 




To further elucidate whether only LN contribute to 
the formation of the glomerular substructures, or 
whether there is also a contribution of OSN, we 
performed antennal backfills in a large scarabeid 
species, P. ephippiata and combined it with 
immunostainings against TKRP. 
The backfill stainings clearly leave out the spherical 
TKRP-ir substructures (Fig. 3 A), showing that OSN 
do not contribute to the innervation of the 
substructures. The TKRP immunostaining is mainly 
restricted to the substructures but several TKRP-ir 
varicosities occur in the remainder of the glomeruli 
(Fig. 3 A arrowheads). 
   
Discussion 
Like the vertebrate central nervous systems, insect 
nervous systems are typically organized according 
to a basic bauplan. The bauplan of the central 
olfactory pathway of insects consists of the paired 
AL, the first integration center for olfactory 
Fig. 2: Coleopteran antennal lobes (AL) labeled with various markers (immunostainings against synapsin [Syn, green] 
and Tachykinin-related peptide [TKRP, magenta] as well as phalloidin labeling [Phal, grey]). Boxes in the lower left 
corner show details of single glomeruli, marked in the overview images. Arrowheads show glomerular substructures 
(F, G, J - L, N - P, S, and T), arrows show homogenously stained glomeruli (L, P). 
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information and higher integration areas, including 
the MB and the LH [21,35]. The AL typically contain 
olfactory glomeruli that are usually interpreted as 
functional subunits for odor discrimination [58,59]. 
The principal glomerular organization can also be 
found in first order olfactory integration centers of 
other animal groups, including vertebrates [60,61], 
crustaceans [21], and mollusks [62,63].  
The architecture of insect AL has been studied in 
several species, ranging from basal species like e.g. 
silverfish to derived species like e.g. Drosophila 
[reviewed e.g. in 21], but also in sister groups like 
e.g. Archaeognatha [64] or Collembola [65]. 
However, a systematic investigation including a 
higher number of specimen (particularly of one 
order) has so far not been undertaken. Our study 
on 63 beetle species from 22 different families is 
the first study that allows a direct comparison 
within this largest insect group. 
 
Number of olfactory glomeruli covers a large 
range in Coleoptera 
A comparison of glomeruli numbers in 32 of the 
examined beetle species revealed a hitherto 
undescribed variation. Glomeruli numbers ranged 
from 50 -150 in beetle species with regular 
glomeruli to about 1,000 microglomeruli in the 
examined ladybugs and diving beetles. Schachtner 
at al. [21] speculated that the AL of ancestral 
insects may have consisted of about 40 olfactory 
glomeruli. Deviations from this basic bauplan range 
from a complete (secondary) loss of glomeruli, as 
argued by some authors for aquatic beetles and 
dragonflies [41-43], to thousands of so called 
microglomeruli, to be found in e.g. acridid 
grasshoppers [21,48] but also in some diving beetle 
species [44]. However, in most insects, the 
variation of the basic theme is mainly reflected by 
a varying number of “typical” or regular glomeruli 
ranging from about 40, like in drosophilids, up to 
several hundred in some ant species [23]. On the 
basis of available data, Schachtner et al. [21] 
speculated in their review that the number of 
regular glomeruli (excluding orthopteran 
microglomeruli) in a given insect order might be 
well conserved and might exhibit only small 
                                                                            
variations reflecting specific ecological or 
ethological needs of the respective species. 
Meanwhile, this idea has only been corroborated 
by findings in ant species that possess up to several 
hundred glomeruli [23]. The findings of the current 
study question the general statement that insect 
orders have a conserved number of regular 
glomeruli [21]. However, the observed variation 
within the number of glomeruli in the Coleoptera 
possibly results from their huge diversity and their 
many adaptations. Conversely, at the family level, 
the number of glomeruli seems well conserved 
(Fig. 1). 
Fig. 3: Antennal lobes (AL) of Pachnoda ephippiata 
(Scarabaeidae) (A, A', and A'') and of Apis mellifera 
(B, B', and B''). Antennal backfills in P. ephippiata (A, 
A', A'') demonstrate that olfactory sensory neurons 
(OSN) of the antenna (green) do not innervate the 
glomerular substructures, while the tachykinin 
related peptide immunoreactive (TKRP-ir) local 
neurons (LN) (magenta) innervate mostly exclusive 
the glomerular substructures, save for several 
varicosities outside the substructures (A', A'' 
arrowheads). A' and A'' represent the labeling 
shown in the inset in A separated in the single 
channels. In A. mellifera (B, B', and B'') TKRP 
immunoreactivity in the glomerular core areas 
seems to stem primarily from LN (magenta; 
arrowhead), while the whole glomeruli labeled with 
the anti synapsin (Syn, green). B' and B'' represent 




Microglomeruli in particular Coleoptera families 
Atypical AL and glomeruli occur in various insects. 
For instance, the AL of the Odonata Libellula 
depressa consist of small, spherical knots [66], 
while previously the Odonata AL (like the AL of 
Ephemeroptera) had been described as a- or 
nonglomerular [21,66]. In Hemiptera, AL have also 
been described as aglomerular (Trioza apicalis 
[67]) or as diminutive with only 13 glomeruli-like 
structures (Scaphoideus titanus [68]). Also the AL 
of the Phthiraptera Columbicola columbae shows 
no clearly defined glomeruli or any other 
compartments [69]. Conversely, as mentioned 
earlier, in the Acrididae (like Schistocerca gregaria 
and Chorthippus albomarginatus), the AL 
comprises thousands of small microglomeruli 
[21,48].  
AL with a microglomerular organization have 
already been observed in some beetle species. The 
AL of diving beetles (Dytiscidae) have earlier been 
reported to show a nonglomerular organization or 
even to be totally absent in some representatives 
[40-42]. However, a recent in-depth study in ten 
representatives from this group found small and 
very numerous glomeruli in the AL, similar to the 
microglomeruli of Acrididae [44]. This is in 
accordance with our own data from A. sulcatus 
with about 1,000 glomeruli per AL and I. fuliginosus 
with about 400 - 500 glomeruli per AL (Fig. 6 A and 
B).  
Moreover, the current study revealed AL with 
numerous small glomeruli, comparable to those 
observed in the diving beetles or Acrididae, in 
terrestrial Coccinellidae (ladybugs). Difficult to 
characterize in synapsin or phalloidin stainings, 
backfills and antibody stainings against TKRP 
helped to identify numerous small glomeruli (Fig. 6 
E-G arrowheads) and to differentiate the AL from a 
structure which we identified as the lobus 
glomerulatus (LG) (Fig. 6 G), a deutocerebral 
structure typically found in hemimetabolous 
insects but recently also reported to occur in 
beetles [38]. In all five investigated Coccinellidae, 
the AL is remarkably small (Fig. 1) and consists of 
numerous minute glomeruli (approximately 400 - 
600 glomeruli per AL).  
 
Glomerular substructures in the Coleoptera 
A recent study described a novel type of TKRP-ir 
substructures in the olfactory glomeruli of the 
small hive beetle A. tumida [39] that were evenly 
distributed across all glomeruli and innervated by 
TKRP-ir LN. The authors speculated that such a 
specialized organization may reflect a need to 
better handle the complex olfactory coding in a 
beehive in which these animals live as parasites. 
The current study shows that such an arrangement 
is by no means unique to A. tumida, as a similar 
organization of comparable TKRP-ir substructures 
was observed in 15 of the examined beetles. In 
addition, even more of the beetles showed 
substructures that were only revealed in synapsin 
and/or phalloidin labelings, but not evident solely 
based on TKRP immunostainings. These 
substructures are widely distributed across the 
phylogenetic tree but may be conserved within 
certain families. 
        
Phylogenetic distribution of substructured 
glomeruli in the Coleoptera 
Substructures in olfactory glomeruli (TKRP-ir and 
non-TKRP-ir) occur in evolutionary distant families 
(Fig. 1). In the 22 investigated families, TKRP-ir 
substructures occur in species of seven families. 
Taking glomerular substructures that only showed 
in synapsin/phalloidin labelings into account as 
well, we found such structures in a total of 10 
beetle families. Species displaying clearly 
demarcated glomerular substructures all belong to 
the polyphageous coleoptera. Of the examined 15 
species that belong to the superfamily of the 
Scarabaeoidea (comprising the four families 
Lucanidae, Bolboceratidae, Geotrupidae, and 
Scarabaeidae), ten species showed TKRP-ir 
substructures in all glomeruli, one shows TKRP-ir 
substructures in several glomeruli, and the 
remaining four species showed substructures 
visualized only in the synapsin/phalloidin labeling. 
We conclude that glomerular substructures are a 
conserved feature of the Scarabaeoidea. In the 
other examined polyphagous Coleoptera, the 
situation is less clear, either because only a single 
species of the respective family was studied or 
because we found species with and without clear 
substructures in the same family. For example, in 
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the Tenebrionidae, half of the six examined species 
showed synapsin-ir substructures or substructures 
labeled with phalloidin. A similar situation occurred 
in Cerambycidae with three of the five examined 
species displaying such substructures.  
In the silphids, we found one species (N. 
vespilloides), which is showing TKRP-ir 
substructures, while the other species (P. atrata) 
exhibits unstructured glomeruli. For Nitidulidae 
and Dermestidae, only one species was 
investigated, each showing the typical TKRP-ir 
glomerular substructuring. All examined 
adephageous beetles lacked clear glomerular 
substructures. In summary, the spotty distribution 
of glomerular substructures across the different 
groups suggests that it is not a conserved feature 
in Coleoptera but may have evolved independently 
in several beetle taxa.    
 
Innervation of the TKRP-ir substructures  
To examine whether OSN may in addition to the LN 
contribute to the glomerular substructures, we 
exemplarily performed antennal backfills in a large 
scarabeid species, P. ephippiata, and combined it 
with immunostainings against TKRP. The results 
clearly underline the findings in A. tumida that OSN 
do not contribute to the innervation of the 
substructures (Fig. 3 A) [39]. Based on these data, 
we propose that such glomerular substructures in 
beetles are generally organized according to this 
scheme. Further studies have to reveal whether 
other AL neuron types like PN and CN may also in 
addition contribute to the substructures. However, 
paired serotonin-immunoreactive (5HT-ir) CN that 
typically innervate all olfactory glomeruli have 
been shown in many insect species and seem to be 
a basic feature of insect AL [21,70]. In A.tumida, 
projections of the 5HT-ir CN innervate all glomeruli 
but spare the substructures [39].   
 
How could glomerular substructures evolve from 
the basic non structured pattern?  
Typically, insect OSN expressing the same specific 
odorant receptor (OR) converge on the same 
glomerulus, with one OSN typically expressing only 
one specific OR [71-73]. In insects, an innervation 
of particular areas of a glomerulus by OSN is 
known from several species including D. 
melanogaster and some lepidopteran species, but 
it is especially well investigated in A. mellifera 
[21,29,74-81]. There, the bulk of the glomeruli can 
be separated into two compartments: the outer 
cortex (also called cortex rind, cortex layer, cortical 
cap, cap, or peripheral area) and the inner core 
(sometimes termed base or basal area). OSN axons 
seem to project exclusively into the cortex (with 
exception of seven glomeruli within A. mellifera, 
which are innervated by the T4 tract [81-83]). 
Additionally, two types of LN have been observed, 
exclusively targeting the core region of a 
glomerulus, the other projecting into the core and 
the cortex. With regards to PN, uniglomerular PN 
have branches in the core and cortex, 
multiglomerular PN branch only in the cortex area 
[29,74,81]. Own data in A. mellifera showed TKRP-
ir LN innervating the core area (Fig. 3 B - B'), 
comparable to immunostainings against the 
neuropeptide allatostatin [83]. However, multiple 
cores per glomerulus, like the multiple 
substructures in beetles haven't been observed in 
A. mellifera (Fig. 3 B). 
Assuming that a glomerulus with two 
compartments, as observed in A. mellifera, D. 
melanogaster, and some Lepidoptera [29,74,81] 
reflects the basic architecture of a glomerulus of 
the holometabolous insects, multiple cores 
represent a derived situation. Glomeruli with 
multiple cores or substructures could be 
envisioned to have resulted from an incomplete 
fusion of such basic glomeruli, where the original 
core areas remained separated (Fig. 4 A). 
Alternatively, multiple glomerular substructures in 
a single glomerulus might have arisen through a 
differentiation of a single core into multiple cores 
(respectively substructures) (Fig. 4 B).   
In the “fusion scenario” outlined above (Fig. 4 A), 
one would expect the fused glomerulus to inherit 
the innervation of its progenitors, i.e. to be 
innervated by OSN carrying different specific OR, 
either homogenously (Fig. 4 C left hand) or in 
separated regions (Fig. 4 C right hand). 
Alternatively, the “differentiation scenario” (Fig. 4 
B), would suggest that the differentiated 
glomerulus should still be innervated by OSN 




experiments utilizing transgenic lines and 
fluorescence in situ hybridization to label specific 
OR, or antibodies against specific OR (capable of 
staining axonal projections) could help to answer 
this question by visualizing OSN innervation 
patterns of individual glomeruli. 
 
In addition, selective labeling of single 
uniglomerular LN by dye filling with glass 
micropipettes would give insight whether the 
single substructures of one glomerulus are 
innervated via the same or different LN and would 
therefore help to understand how the multi cored 
glomeruli may have evolved. If a dye filled 
uniglomerular LN projects only in one core of a 
glomerulus with multiple cores (Fig. 4 E), it is very 
likely, that this glomerulus originated from the 
fusion of single glomeruli. On the other hand, if a 
labeled uniglomerular LN projects into all cores of 
a glomerulus (Fig. 4 F), this would support the idea, 
that the multiple substructures of a glomerulus 
result from a single glomerulus whose core has 
differentiated into multiple cores (respectively 
substructures). 
  
Multiple substructures in olfactory glomeruli 
outside Coleoptera 
Up to now, glomeruli with clearly separated 
multiple substructures outside the beetles have 
only been observed in the Gryllidae Gryllus 
bimaculatus. Ignell et al. [48] and Yoritsune and 
Aonuma [84] described "microglomerular 
substructures", "microglomerular cluster", or only 
"microglomeruli" (not to be confused with the 
microglomeruli from Acrididae) within the 
"regular" glomeruli. Own stainings with phalloidin, 
and anti-synapsin and anti-TKRP antisera in the 
Gryllidae Gryllus assimilis and Acheta domesticus 
revealed also microglomerular substructures (Fig. 5 
A and B arrowheads), showing that the observation 
in G. bimaculatus is not an isolated case. Both 
species lack anti-TKRP immunoreactivity within the 
entire AL including the glomerular substructures. 
However, in contrast to our finding in the beetles, 
the glomerular substructures of G. bimaculatus are 
innervated by OSN [20,48]. To explain the 
microglomeruli within the AL of G. bimaculatus, 
Ignell et al. [48] argued, that glomeruli with 
restricted terminal arborizations of OSN within one 
glomerulus can be found in many insect AL 
(Diptera [85-87], Blattodea [88,89], Hymenoptera 
[90-93], Lepidoptera [74]). They hypothesized that 
such "multicompartmented uniquely identifiable 
glomeruli" could be fragmented into individual 
microglomeruli, potentially by a dichotomy of OSN 
axons before they enter a glomerulus. The 
microglomerular substructures observed in G. 
bimaculatus could thus be regarded as an 
evolutionary intermediate between "regular AL 
with normal glomeruli" (known from most insects 
[21]) and microglomerular antennal lobes found in 
the Acrididae" [48].  
Fig. 4: Considerations to the evolutionary origin the 
glomerular substructures. In principal, substructures 
could originate from the fusion of two (or more) 
glomeruli, each consisting of one cortex and one 
core, resulting in a glomerulus with one cortex and 
two cores / substructures (A). Substructures could 
also originate from a glomerulus with one cortex and 
one core and a subsequent division of the single core 
in multiple cores / substructures (B). C to F showing 
the possible principal innervation pattern as 
consequences of the two models (A and B) for 
olfactory sensory neurons (OSN) (C and D)  for local 
interneurons (LN) (E and F) (see text).  
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TKRP-immunostainings revealed glomerular 
substructures in the approximately 200 glomeruli 
(per AL) of the two Hemipteran species 
Graphosoma lineatum (Pentatomidae) and 
Gonocerus acuteangulatus (Coreidae) (Fig. 5 C and 
D). In contrast to the glomerular substructures 
observed in the Coleoptera, the TKRP-ir 
substructures of the two hemipteran species are of 
an irregular shape and are interconnected with 
each other (Fig. 5 C and D). Unlike in Gryllidae but 
similar to the TKRP-ir substructures of Coleoptera 
the TKRP-ir substructures of the Hemiptera are 
innervated by TKRP-ir LN, while the AN lacks any 
TKRP immunoreactivity. Whether the 
substructures of the two hemipteran species are 
innervated by OSN, as described for G. bimaculatus 
[48,84] or whether they lack innervations by OSN 
as observed in the Coleoptera remains unknown. 
 
Correlation of glomeruli architecture to brain 
architecture and lifestyle  
On a gross ecological and ethological level 
(primarily terrestrial or aquatic habitat, nutrition; 
[49-53] substructured glomeruli in different 
Coleoptera could not be correlated with a specific 
lifestyle (Fig. 1). There is also no correlation to the 
relative volumes of the four major brain neuropils 
(antennal lobes, optic lobes, central complex and 
mushroom bodies) (Fig. 1) or to total / absolute 
volumes of the AL.  
Lifestyle (major nutrition) and the architecture of 
the AL (size of AL or the number of its glomeruli) 
have also been found to be uncorrelated within 
Scarabaeidae [94]. However, Farris and Roberts 
[94] noted that differences in the feeding habits of 
Scarabaeidae (generalists vs. specialists) are 
reflected in the architecture of the MB. This might 
indicate that (at least in Coleoptera) lifestyle / 
preference of nutrition is rather reflected in the 
morphology of higher olfactory integration centers 
(the MB), a structure that is important for olfactory 
discrimination, learning, and memory storage and 
retrieval [59, 95-97], than in the morphology of the 
primary olfactory integration center (the AL). 
Numerous small glomeruli, comparable to the 
microglomeruli of Acrididae [21,48] could be 
identified in two coleopteran families, namely 
ladybugs and diving beetles. Despite obvious 
differences in habitat (terrestrial vs aquatic), both 
groups are primarily predatory and possess well-
developed optic lobes with a huge relative volume 
(Fig. 1). A comparable microglomerular pattern can 
also be observed within the strongly visual 
orientating, predatory odonate Libellula depressa 
[66]. Interestingly, in all three taxa, the CA show 
remarkable reductions or is even lacking (see 
below). Though not predatory, the locust 
Schistocerca gregaria, which also displays large 
optical neuropils, possesses AL comprised of many 
microglomeruli [98]. While the correlation of 
numerous microglomeruli and large optical 
neuropils thus does not seem to imply predatory 
behavior per se, it points towards a possible and 
hitherto unstudied linkage between these two 
brain centers in distantly related insect taxa.  
 
Fig. 5: Glomerular substructures of hemimetabolous 
insects: the two Gryllidae Acheta domestica (A) and 
Gryllus assimilis (B) and the two Hemiptera 
Graphosoma lineatum (C) and Gonocerus 
acuteangulatus. Boxes in the upper left of each 
image show a magnified view, respectively the two 
separated channels of the inset within the image. In 
A. domestica (A) and G. assimilis (B) staining with 
phalloidin (Phal) revealed glomerular substructures 
(arrowheads), resembling the situation in Gryllus 
bimaculatus [48,84]. Staining with an antibody 
against tachykinin related peptide (TKRP) (magenta) 
and synapsin (Syn) (green) revealed irregular 
shaped and interconnected TKRP immunoreactive 
substructuring within the glomeruli of two 
Hemiptera species: G. lineatum (about 205 
glomeruli) (C) and G. acuteangulatus (about 185 





Olfaction with atypical AL 
Besides regular-shaped AL glomeruli, as known 
from many insects like D. melanogaster, A. 
mellifera, and many moth species [21], several 
authors described insect AL with deviating 
glomerular design, including AL with numerous 
small glomeruli (microglomeruli), AL with small and 
spherical knots, non-glomerular AL or AL 
comprising poorly demarcated and hardly 
distinguishable glomeruli (e.g. described as "AL 
with glomerular-like structures") [21,48,66-69]. In 
some cases, it has been hypothesized that such 
poorly developed AL and/or the absence of clearly 
defined glomeruli might be an indicator of a poorly 
developed sense of smell or even anosmia. 
Odonata, for instance, have repeatedly been 
speculated to be (almost) anosmic [21,40-42,99]. 
However, recent studies were able to confirm that 
the antenna of the odonate L. depressa possess 
about 120 OSN in 40 sensilla [100] and that the 
odonate Ischnura elegans clearly responds to 
odors (in behavioral and electrophysiological 
assays [101]). Similarly, in C. columbae (a louse 
species exhibiting a non-glomurular AL), olfactory 
sensilla [102] and an odor response could be 
observed [103]. Aquatic beetles, often discussed to 
be anosmic [40-42], have also been demonstrated 
Fig. 6: Antennal lobes (AL) (A-G, J, L) and mushroom bodies (MB) (H-I'', K, M) of different Coleoptera stained with 
antibodies against synapsin (Syn) and against tachykinin related peptides (TKRP) or labeled with DAPI or phalloidin 
(Phal). Boxes in the upper left show details of single glomeruli (A-C, E, G, J, L) or part of the MB (I) marked in the 
overview images, or they show the superstition between the AL and the lobus glomerulatus (LG) in the ladybug 
Harmonia axyridis (G). Arrowheads showing single glomeruli (C-G). Notice the trichotomy of the mushroom bodies 
peduncle (PE) (square brackets in H and H'' and arrowheads in M) of the aquatic beetles Ilybius fuliginosus and 
Gyrinus substriatus. The Calyx (CA) is absent in the ladybug Coccinella hieroglyphica as seen in the staining with Phal 
(I) and in the 3D-reconstruction and 3D-projektion (volume rendering) of Syn and DAPI (I'-I'''). In both cases, no Ca is 
visible between PE and  enyon cells ( C). Orientation bars in I’ to I’’’: D = dorsal, P = posterior, L = lateral.  
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to respond to kairomone cues to avoid predators 
[104], to pheromones to find mating partners 
[105], or to other olfactory stimuli [106]. The 
notion that a well-defined AL with a distinctive 
glomerular organization is not per se a mandatory 
prerequisite for olfaction is also underscored by 
our observations of microglomeruli within five 
ladybug species, which clearly possess antenna 
bearing olfactory sensilla [107-110] and which have 
repeatedly been demonstrated to respond to 
olfactory stimuli [111-117]. This is also in line with 
similar observations described for S. gregaria [118-
120]. 
Insects with poorly developed AL / glomeruli 
typically also exhibit poorly developed or even 
lacking mushroom body (MB) calyces (CA), as has 
been reported e.g. in Dytiscidae [42,44, own 
observations, Fig. 6 H, H', H''], Odonata [41,42,66], 
and Hemiptera [41,67,68,121]. The five ladybug 
species investigated in this work also show small 
AL with diffusely demarcated microglomeruli (Fig. 
6 C-G) and also completely lack a CA, while the 
peduncle (PE) and the Kenyon cells (KC) are still 
clearly identifiable (Fig. 6 I-I'''). The co-occurrence 
of small / lacking AL or poorly defined olfactory 
glomeruli and small / lacking CA seems to be a 
repeating pattern within insect neuroanatomy.  
The firefly L. splendidula, which spends up to 3 
years as a nymph that feeds on snails, before it 
transforms into the reproducing adult that lives for 
just about one week and does not feed [51,122], 
has only small AL associated with equally small CA 
(Fig. 1, 6 J, K). AL and glomeruli in L. splendidula are 
unidentifiable based on stainings with a synapsin 
antibody or with phalloidin, but become barely 
visible in stainings with a TKRP antibody (Fig. 6 J). 
However, due to the elusive nature of the 
glomerular boundaries, a reliable counting of the 
glomeruli is not possible. The small AL and CA 
possibly reflect a reduced need for olfaction in the 
adult animal, which does not feed during its short 
life span (it even lacks developed mouthparts) and 
finds its mating partner primarily by visual cues 
[123,124]. Similar observations are known from the 
heteropteran Diceroprocta semicincta, which lives 
up to 17 years underground as feeding nymph 
before emerging as non-feeding, reproducing 
adult. In this short time period, the animals mainly 
focus on finding mating partners, using auditory 
stridulation cues rather than olfactory cues, which 
is reflected in a reduction of AL and CA [42,125]. 
Feeding habits have been speculated to be another 
reason for reduced or underdeveloped AL 
(glomeruli). In Hemiptera, S. titanus is (at least in 
Europe) considered to be a feeding specialist that 
is monophagous on grapevine, while its relative 
Hyalesthes obsoletus is characterized as a 
generalist that feeds on different wild host plants. 
Notably, specialist S. titanus has approximately 150 
times less OSNs than H. obsoletus and about 10 
times less and more poorly defined glomeruli than 
H. obsoletus [68], with both species lacking CA. 
A contrary example, however, is provided by the 
whirligig beetle Dineutus sublineatus, which lacks 
AL but has a clearly identifiable CA [43]. Previously, 
lacking AL in aquatic beetles have been interpreted 
as a secondary loss. This statement is based on the 
fact that for land living animals, which re-adapt to 
an aquatic habitat, olfactory perception under 
water is very difficult, in consequence leading to a 
loss-of-function and (almost) anosmic animals [40-
43]. The well-developed CA in D. sublineatus had 
been explained by the strong involvement of the 
CA in visual data processing. However, our data 
clearly show AL glomeruli (Fig. 6 L) and a CA (Fig. 6 
M) within the whirligig beetle G. substriatus, 
questioning the general statement that whirligig 
beetle (like all other aquatic insects) lacks antennal 
lobes [43]. 
Finally, it must be emphasized that small, less 
developed, or lacking AL (and in most cases the 
correlating small or lacking CA) are most likely not 
an intrinsic feature of a given taxon (homology), 
but convergent adaptations to a similar (or even 
particular) lifestyle and specific ecological and 
ethological requirements.  
 
Summary 
In this work we focused on the diversity of the 
antennal lobes, the first integrations centers for 
olfactory information within the Coleoptera. We 
investigated the AL of 63 different coleopteran 
species of 22 families. Beside coleopteran AL, 
containing typically 80 to 120 glomeruli per AL and 




most insects like D. melanogaster, we found AL 
with A) substructures within their glomeruli, often 
correlated with TKRP immunoreactivity and B) 
remarkable small but numerous glomeruli within 
coleopteran AL, similar to the microglomeruli of 
the Acrididae. 
26 of the investigated coleopteran species 
(stemming from 16 families) show explicit 
substructures within their AL glomeruli. In 15 of 
the investigated species (stemming from 7 
families), AL substructures are TKRP-ir originating 
from a cluster of LN lateral from the AL. Antennal 
nerve backfills, exemplarily performed in one 
beetle species revealed, that the glomerular TKRP-
ir substructures are avoid of OSN innervation. 
Together with the finding that also the antennal 
nerves of all other examined beetle species are 
devoid of TKRP-ir fibers, we conclude that the 
glomerular substructures in beetles are typically 
not innervated by OSN but by LN. These features 
make the glomerular substructures to a particular 
trait only found in several beetle species as it has 
until today not been described in insects outside 
the coleoptera. From the distribution of this trait 
between the different beetle families, we 
speculate that this trait has evolved independently 
several times. We offer two hypotheses on the 
origin of the glomerular substructures. They might 
either originate from the fusion of single glomeruli 
or result from a compartmentalization within 
particular glomeruli. 
In five ladybug species and two diving beetle 
species we found many noticeable small glomeruli, 
resembling the microglomeruli of the Acrididae. In 
ladybugs we found in average about 500 of this 
small glomeruli and in the two diving beetle 
species in average about 750 small glomeruli per 
AL. These glomeruli are ill defined and only 
visualized by antennal backfills or staining with 
TKRP antibody. Insects with such ill-defined 
glomeruli or a-glomerular AL often have reduced 
or lacking CA. This is also true for the MB of the 
ladybug (total lack of CA) and diving beetle species 
(reduced CA). The finding of OSN innervated 
microglomeruli in the two distant beetle families 
support the hypothesis that microglomeruli are a 
derived trait that evolved several times within the 
insects. 
Materials and Methods 
Animals 
Three coccinellid species (Adalia bipunctata, 
Cryptolaemus montrouzieri, and Coccinella 
septempunctata) were purchased from "SAUTTER 
& STEPPER GmbH" (Ammerbuch, Germany). Three 
Tenebrionide species (Alphitobius diaperinus, 
Zophobas morio, and Tenebrio molitor) were 
obtained from "b.t.b.e. Insektenzucht GmbH" 
(Schnürpflingen, Germany). Two scarabaeid 
species, Eudicella schultzeorum and Pachnoda 
aemula, were acquired at a reptiles’ fair in 
Frankfurt, six other species (Chlorocala africana 
africana, Dicronorhina derbyana derbyana, 
Eudicella hornimanni, and Eudicella aethiopica) 
were a generous gift from Jutta Renda from 
"Käferzucht" (Sinsheim-Hilsbach, Germany), and 
the Scarabaeidae Pachnoda ephippiata were a kind 
gift from Florian Schlusche (University of Konstanz, 
Germany). The Lucanidae Phalacrognathus 
muelleri and Homoderus gladiator were provided 
from a private rearing by Stefan Dippel (Momberg, 
Germany). Bolboceratidae specimens were a 
generous gift from Reinhard Predel and Susanne 
Neupert (University of Cologne, Germany) and 
were originally collected at Aha Hills, Namibia. 
Specimens of Nicrophorus vespilloides were a 
generous gift of Sandra Steiger (University of Ulm, 
Germany). Dermestes maculatus was kindly 
provided by Christian von Hoermann (University of 
Ulm, Germany). Stegobium paniceum and 
Palembus dermestoide were a generous gift from 
Mathias Schott (University of Gießen, Germany). 
The chrysomelid Macroplea mutica was a gift from 
Gregor Kölsch (University of Hamburg, Germany). 
The chrysomelid Leptinotarsa decemlineata and 
the curculionid Gonipterus scutellatus were kindly 
provided by Stefan Schütz (University of Göttingen, 
Germany). The following animals were collected in 
the vicinity of the Philipps University of Marburg 
(Germany), endangered animals we collected and 
dissected under permission from the conservation 
agency Marburg (Untere Naturschutzbehörde 
Marburg; 67 22 04 - zim from 2013.06.19, 
2014.07.15, and 2014.08.07): Pyrochroa coccinea, 
Lagria spec., Coccinella hieroglyphica, Harmonia 
axyridis, Donacia versicolorea, Chrysolina sturmi, 
Lilioceris lilii, Rhagium bifasciatum, Molorchus 
minor, Pachytodes cerambyciformis, Alosterna 
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tabacicolor, Stenurella melanura, Curculionidae 
spec, Hadroplontus litura, Liophloeus tessulatus, 
Otiorhynchus spec., Polydrusus pterygomalis, 
Lamprohiza splendidula, Rhagonycha fulva, 
Cantharis fusca, Ampedus sanguinus, Phosphuga 
atrata, Lucanus cervus, Amphimallon solstitiale, 
Oxythyrea funesta, Acilius sulcatus, Gyrinus 
substriatus, Pterostichus niger, Abax 
parallelepipedus, Calathus erratus, Coccinella 
hieroglyphica, Cicindela campestris, Hylecoetus 
dermestoides, Geotrupes stercorarius, Carabus 
nemoralis. Data from the Nitidulidae Aethina 
tumida are obtained from Kollmann et al. [39]. 
Data for the Tenebrionid T. castaneum are 
obtained from Dreyer et al. [37], Binzer et al. [33], 
and Dippel et al. [38]. 
The foragers of Apis mellifera were kindly provided 
by the Bieneninstitut Kirchhain (Germany). Two 
Gryllidae (Gryllus assimilis and Acheta domestica) 
have been obtained from b.t.b.e. Insektenzucht 
GmbH. The two Heteroptera (Gonocerus 
acuteangulatus and Graphosoma lineatum) were 
collected close to the Philipps University of 
Marburg.  Age and sex of the animals are not taken 
into account in the current study. 
 
Phylogenetic relationships of the investigated 
animals 
For Coleopteran gross phylogeny, we referred to 
Hunt et al. [8], who inferred phylogenetic 
relationships within the order based on sequence 
analyses of 18S rRNA, mitochondrial 16S rRNA and 
cox1. 
For higher resolution of individual branches, we 
drew on the coccinellid phylogeny published by 
[126], the carabid phylogenies put forward by 
[127,128], the chryosmelid phylogeny provided by 
[129], and the phylogenetic trees for the 
superfamily Scarabaeoidea detailed in [130-132]. 
 
Primary antisera 
Similar to other insect studies [e.g. 33,133,134], a 
monoclonal primary antibody from mouse against 
a fusion protein consisting of a glutathione-S-
transferase and the first amino acids of the 
presynaptic vesicle protein synapsin I coded by its 
5′-end (SYNORF1; 3C11, #151101) was used to 
selectively label neuropil areas. The synapsin 
antibody was kindly provided by Dr. Erich Buchner 
(University of W rzburg, Germany) and was first 
described by Klagges et al. [135]. The antibody was 
used at a dilution of 1:100. The specificity of this 
antibody in the beetle T. castaneum has been 
demonstrated by Utz et al. [133].  
The polyclonal antiserum against tachykinin-
related peptide (TKRP) is against the Locusta 
migratoria tachykinin II (Lom-TK II, 
APLSGFYGVRamide) and was raised in rabbit. It 
was kindly provided by Dr. H. Agricola (K1-
508200 1) (University of Jena, Germany) and first 
described by Veenstra et al. [136]. In beetles, 
specificity of the antibody was confirmed for T. 




Goat anti-mouse antibodies conjugated to Cy5 
(GAM-Cy5) and goat anti-rabbit antibodies 
conjugated to Cy3 or Cy5 (GAR-Cy3 / GAR-Cy5) 
were used as secondary antibodies (each 1:300; 
Jackson ImmunoResearch, Westgrove, PA, USA). 
 
Further markers 
Alexa Fluor 488-coupled phalloidin (Molecular 
Probes, Eugene, OR, USA) was used to visualize 
axonal f-actin and thus to reveal whole brain 
anatomy. It was used at a dilution of 1:200. 
DAPI (4',6-diamidinophenyindole; Sigma Aldrich, 
Steinheim, Germany) was used as a nuclear marker 
to identify neuronal somata. It was used at a 
dilution of 1:20,000. 
Neurobiotin (Vector Laboratories, Burlingame, UK) 
was used for the antennal backfills in a 4% 
solution, diluted in 1 M KCl. It was visualized with 







Double immunostainings of whole mount 
preparations 
Brains were dissected under PBS (phosphate 
buffered saline; 0.01 M; pH 7.4) and were fixed 
overnight at 4 °C in 4% PFA (paraformaldehyde; 
Roth, Karlsruhe, Germany) in PBS. In some cases, 
brains were transferred in PBS and were stored for 
several days at 4°C. Subsequently brains were 
washed 2 - 3 x 10 - 15 min (depending on the size 
of the brain), treated with collagenase-dispase 
(1 mg/ml in PBS; Sigma Aldrich) for 30 - 90 sec and 
washed 3 - 4 x 10 - 15 min. Afterwards brains were 
preincubated for 1 to 3 days in PBT (PBS added 
with 0.3% Triton-X 100, Sigma Aldrich) with 5% 
NGS (normal goat serum; Jackson Immuno 
Research) at 4 °C. As primary antibodies we used 
anti-synapsin (1:100) in combination with anti-
TKRP (1:20,000), diluted in PBT with 1% NGS. 
Brains were incubated for 2 - 5 days at 4 °C. After 
rinsing (4 - 6 x 10 - 15 min) with PBT, brains were 
incubated in secondary antibodies (GAM-Cy5 and 
GAR-Cy3; 1:300; Jackson ImmunoResearch) and 
Alexa Fluor 488 Phalloidin (0.5%) and DAPI 
(1:20,000) in PBT with 1% NGS at 4 °C for 2 - 5 days 
in the dark. After rinsing (4 - 6 x 10 - 15 min) with 
PBT, brains were dehydrated in an ascending 
alcohol series (30%, 50%, 70%, 90%, 95%, 2 x 100% 
ethanol, 3 - 7 min each) at room temperature. The 
tissue was then cleared to transparency in methyl 
salicylate (Merck, Darmstadt, Germany). Brains 
were finally mounted in resin (Permount, Fisher 
 cientific, Pittsburgh, PA, U A), using 2 - 10 layers 
of reinforcing rings as spacers (Zweckform, 
Oberlaindern, Germany) to prevent tissue 
compression. 
 
Backfills of the antenna 
Cold-anesthetized animals were mounted with 
their backs on microscope slides, using dental wax 
(S-U-wax wire, 2.0 mm, hard; Schuler Dental, Ulm, 
Germany) and a soldering iron at low temperature 
(100 °C; Solder-Unit ST 081; Star Tec Products, 
Bremen, Germany). The head was carefully waxed 
to the thorax and the base of the antenna was 
fixed with modeling clay (Das große Dino-Knet-Set; 
moses. Verlag GmbH, Kempen, Germany) and by 
using a soldering iron. The distal lamellate 
segments of the antenna were cut off. Glass 
micropipettes were drawn (Model P-97, Sutter 
Instrument, Novato, USA) from borosilicate glass 
(inner diameter, 0.75 mm; outer diameter, 1.5 
mm; Hilgenberg, Malsfeld, Germany) and broken 
to a tip diameter matching the diameter of the 
antenna. Micropipettes were filled with 4% 
neurobiotin (Vector Laboratories, Burlingame, UK) 
solved in 1 M KCl and fitted onto the antenna 
stump. After 4 hours at RT micropipettes were 
removed, brains were dissected, fixed, digested 
with collagenase, and washed as described above. 
Brains were stained with an antibody against TKRP 
(1:20,000) and the marker Alexa Fluor 488 
Phalloidin (0.5%) and DAPI (1:20,000) in PBT with 
1% NGS for 3 (H. axyridis) or 5 (P. ephippiata) days 
at 4°C. Neurobiotin was visualized with Cy3-
conjugated streptavidin (1:200) and Lom-TK II was 
visualized with GAR-Cy5 (1:300) in PBT with 1% 
NGS for 2 (H. axyridis) or 4 (P. ephippiata) days at 
4°C. Brains were embedded as described above. 
  
Data processing 
Fluorescence was analyzed with a confocal laser 
scanning microscope (Leica TCS SP5, Bensheim, 
Germany). The following object lenses were used: 
10x oil objective (HC PL APO CS 10x/0.40 IMM, 
working distance: 360 μm; Leica), 20x oil objective 
(HCX PL APO lambda blue 20x/0.70 Imm UV, 
working distance: 260 μm; Leica); 40x oil objective 
(HCX PL APO lambda blue 40x/1.25 Oil UV, working 
distance: 100 μm; Leica) und 63x glycerol objective 
(HCX PL APO 63x/1.30 Glyc 21°C CS working 
distance: 0.26 mm; Leica). Specimens were 
scanned with a resolution of 1024 x 1024 pixels, a 
line average of 2-3, speed of 200 Hz, a digital zoom 
of 1-3 and z-steps varying from 0.5 to 5 µm.  
 
Image segmentation, reconstruction, and 
visualization 
Confocal image stacks were analyzed with AMIRA 
5.2 - 5.6 (FEI, Hillsboro, OR, USA). For 
segmentation and reconstruction, we referred to 
Kurylas et al. [98]. In short, image stacks were 
edited in the "Segmentation Editor" of AMIRA. 
After labelling several sections in all three spatial 
directions (anterior to posterior, left to right and 
dorsal to ventral) of the neuropils / glomeruli, 
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labeled segments were wrapped to gain a voxel-
based 3-D model, which was then transformed (via 
“ urfaceGen”) into a polygonal surface model. A 
standard color code from Brandt et al. [137]. was 
used. Volume data was obtained using the function 
"MaterialStatistics", volume date for neuropils 
from T. castaneum and Aethina tumida were 
obtained from Dreyer et al. [37] and Kollmann et 
al. [39]. For image generation and final figure 
arrangements, snapshots were taken in AMIRA and 
subsequently processed by using global image 
adjustments (for example contrast and brightness 
optimization) in Corel Draw 13 (Corel Corporation, 
Ottawa, Ontario, CA). 
 
Determination of the number of glomeruli  
To obtain the number of glomeruli for selected 
species, individual glomeruli within the AL were 
reconstructed as described above. Due to the large 
amount of different species, only one AL per 
species was further investigated. Reconstructions 
were obtained from the most pronounced and 
well-defined labeling for each species (labeling 
with phalloidin, with an antibody against TKRP / 
synapsin, and/or backfills with neurobiotin). To 
accelerate the analysis to a reasonable time 
expense, we reconstructed the glomeruli that were 
clearly distinguishable and calculated the total 
number from the average volume of the glomeruli 
and the volume of the respective AL. The careful 
calculation included in addition the 
extraglomerular space and the core area in the 
center of the AL. From the 63 investigated species, 
we determined the glomeruli number of 30 
species. 5 of the 30 species possess numerous, 
small glomeruli, similar to the microglomeruli of 
Acrididae [21, 48]. In case of microglomeruli we 
reconstructed 25 glomeruli before extrapolation of 
the total number of glomeruli. In the remaining 25 
species, we reconstructed about 90% (11 species), 
70 to 80% (6 species) or 30 to 70% (8 species) of 
the glomeruli before extrapolation. Data for from 
T. castaneum and Aethina tumida were obtained 
from Dreyer et al. [37], Kollmann et al. [39] and 
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Fig. Additional supplement 1-4. 3D reconstructions of 55 different Copeoptera brains (anterior [left]  and  
posterior [right] view). The neuropils were reconstructed with the AMIRA tools SurfaceGen and SurfaceView. In 
some cases, neuropils had been damaged durig preperation, so that the reconstruction of the neuropile was 
not possible. These neuropils are displayd as trasparent mirror images of the respectiv neuropils of the other 
brain hemisphere. The color code of the labeled neuropils is consistent with Brandt et al. (2005). Pie charts 
represent the relative volume of the four main neuropil groops (antennal lobes: blue, optic lobes: yellow, 
central complex; green, and mushroom bodies: red; numerical values in percent). The order of the species is 
acording to the order in Fig. 1 in the manuscripte. Reconstruction from Aethina tumida are obtained from 
Kollmann et al. (2016), reconstruction for Tribolium castaneum are obtained from Dreyer et al. (2010). 




Brandt R, Rohlfing T, Rybak J, Krofczik S, Maye A, Westerhoff M, et al. Threedimensional average-shape atlas of 
the honeybee brain and its applications. Journal of Comparative Neurology. 2005;492(1):1-19. 
Dreyer D, Vitt H, Dippel S, Goetz B, El Jundi B, Kollmann M, et al. 3D Standard Brain of the Red Flour Beetle 
Tribolium castaneum: A Tool to Study Metamorphic Development and Adult Plasticity. Frontiers in Systems 
Neuroscience. 2010;4:3.  
Kollmann M, Rupenthal AL, Neumann P, Huetteroth W, Schachtner J. Novel antennal lobe substructures 
revealed in the small hive beetle Aethina tumida. Cell and tissue research. 2016;363(3):679-692. 
   259 
Final summary, discussion, and outlook 
260 
Final summary, discussion, and outlook 
_                                                                                                                                          _ 
In this thesis I investigated the brains - particularly 
the olfactory system - of the Coleoptera, the 
largest order in the animal kingdom. Therefore the 
brain of one species - the red four beetle Tribolium 
castaneum - had been investigated in high detail. 
Brains of larval and adult T. castaneum had been 
3D reconstructed and its olfactory pathway had 
been examined closely. We analyzed the 
distribution of its neuropeptides within its primary 
and higher olfactory integration centers and 
analyzed one peptide family in detail. Additionally, 
we investigated the neuroarchitecture of the 
antennal lobe (AL) - the primary olfactory 
integration center of insects - of 62 further 
coleopteran species and we examined the 
distribution of eight neuropeptide families within 
the mushroom body (MB) - a higher olfactory 
integration center of insects - in 24 insect species.  
 
The brain of T. castaneum and its olfactory 
pathway 
The brain of the first instar larva of T. castaneum is 
comparable to the larval brains of many 
Holometabola and similar to the larval brain of the 
closely related Tenebrio molitor (Koniszewski et al., 
2016). It displays a central body (CB) consisting 
only of an upper unit, while in comparison to 
several other insects (e.g. T. molitor, Wegerhoff 
and Breidbach, 1992) the protocerebral bridge is 
already well developed. The MB is divided in the 
calyx and pedunculus including its lobes. The optic 
lobes (OL) consist only of the anlagen, and the AL is 
consisting of glomeruli, as described for the larval 
brains of numerous species. The larval AL contains 
about 40-50 glomeruli. The adult brain presents 
the same principal organization as known from 
countless insects, showing all four major neuropils 
(AL, OL, MB, and CB-complex) and its 
subcompartments (Dreyer et al., 2010). Also the 
lobula plate (LoP) of the OL has been identified, so 
far only documented reliably for Ephemeroptera, 
Trichoptera, Coleoptera, Lepidoptera, and Diptera 
(Strausfeld, 2005). They have very large AL 
(compared to the brain), indicating a high 
relevance of olfaction for this species.  
At first glance, the olfactory pathway of 
T. castaneum is pretty similar to that of most other 
insects (Schachtner et al., 2005). The antenna and 
the mouthparts are equipped with a broad set of 
different chemoreceptive sensilla whose sensory 
neurons express several various receptor types. 
The AL is composed of many (about 70 - 90) 
spherical glomeruli and we found projections from 
the AL to two higher brain areas of the olfactory 
pathway, namely the MB and the lateral horn (LH) 
(Dippel et al., submitted). However, we found four 
features in the olfactory pathway of the adult 
T. castaneum, never described for other 
Coleoptera, respectively other insects before.  
1) From several insects (especially Diptera) it is 
known, that the mouthparts are the main 
gustatory organs and the antenna are more 
important for olfaction (Dahanukar et al., 2001; 
Bohbot et al., 2007; Vermehren-Schmaedick et al., 
2011). However, in T. castaneum antennae and 
mouthparts express similar numbers and levels of 
gustatory receptors (GR) and the mouthparts 
express a relatively high number and level of 
olfactory receptors (OR) (Dippel et al., submitted). 
This may reflect the beetles’ ground-dwelling 
behavior and indicates, that the animal is also 
gathering a lot of gustatory information with its 
antenna. 
2) In T. castaneum the olfactory information, 
gathered by the mouthparts, is projected via 
forwarding neurons terminating in an unpaired, 
medial located, glomerular organized structure 
(containing about 30 - 40 glomeruli), we called 
"gnathal olfactory center" (GOC) and which is 
labeled in the transgenic line, partially labeling the 
cells expressing the general olfactory co-receptor 
Orco (odorant receptor co-receptor) (Dippel et al., 
submitted). This has never been observed in 
insects before.  
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3) Neurons forwarding chemoreceptive 
information from the mouthparts also terminate 
within a structure near the AL, a structure we 
identified as lobus glomerulatus (LG) (Dippel et al., 
submitted). A neuropil previously described only in 
hemimetabolous insects and was considered 
lacking in Holometabola (Ernst et al., 1977; Ignell 
et al., 2000; Schachtner et al., 2005; Hofer et al., 
2005; Farris, 2008). 
4) In insects the processed information from the AL 
is usually forwarded to the MB and LH via a varying 
number of antennal lobe tracts (ALT) (usually 
between 1 and 3, depending on the insect order) 
(Schachtner et al., 2005; Galizia and Rössler, 2010). 
For Coleoptera it had been assumed, that they 
possess 1 or 2 of this ALT, but we could 
demonstrate for the first time, that beetles (at 
least T. castaneum) have 3 ALT (Dippel et al., 
submitted), typical for most Holometabola (Galizia 
and Rössler, 2010). 
While point 1) could be explained by the 
adaptation to the ground-dwelling lifestyle of the 
animal and point 3) and 4) are observations known 
from other insects, point 2) is a unique observation 
for insects. It is interesting, that the mouthparts of 
T. castaneum express 49 OR, from which 28 are 
significantly enriched (compared to the body) and 
that the GOC consists of 30 - 40 glomeruli. This 
constellation resembles the central dogma of 
insect olfaction known from the AL (Jefferis 2005; 
Vosshall and Stocker 2007; Kaupp 2010). 
Indicating, that all olfactory sensory neurons (OSN) 
of the mouthparts, expressing the same OR, 
projecting into the same of the 30 - 40 glomeruli of 
the GOC. Also interesting is, that 27 of the 49 OR 
expressed in the mouthparts, are exclusively 
expressed in the mouthparts. Showing that the 
mouthparts percept and process (partly) different 
olfactory information than the antenna (Dippel et 
al., submitted).  
However, without further detailed analyses of this 
structure, its full contribution to the entire 
olfactory pathway remains unknown.  
Electrophysiological analyses or calcium imaging in 
combination with olfactory and / or gustatory 
stimuli might give more insight into its function 
and dye injection into the GOC would reveal 
connections to higher brain areas (e.g. into the MB 
and / or LH). While backfills of single sensilla of the 
mouthparts and / or transgenic lines labeling single 
OR (expressed at the mouthparts), respectively 
antibody against this OR (capable of staining the 
axons) might support the theory of the central 
dogma for the GOC.  
Altogether, our findings strongly indicate, that 
during evolution different taxa developed different 
strategies to adapt to their ecological niches. This 
also shows that it is somehow critical to only rely 
on data of one - or a small group of - model 
organism and that it is often beneficial to analyze 
different organisms.  
 
Neuropeptides within the olfactory pathway of 
insects 
We investigated the neuropeptides present in the 
AL and MB of adult T. castaneum by using mass 
spectrometry. By additionally using antibodies 
against eight different neuropeptide families, we 
were able to visualize the distribution of these 
neuropeptide families within the brain in detail 
(Binzer et al., 2014).  
Mass spectrometry showed that different neuronal 
tissues have their respective tissue-specific, 
reproducible fingerprints. Such fingerprints are an 
important base for further analyses of endo- and 
exogenous influences (like age, starvation, 
isolation, mating, or other conditions) on the 
distribution / concentration of certain 
neuropeptides. Mass spectrometry will be a vital 
tool, allowing us to observe such potential changes 
in the peptide concentration very fast and for a 
huge number of individuals. This will lead to a 
better understanding of the modulatory effects 
and functions of neuropeptides in T. castaneum 
and other insects. 
By analyzing immunohistological stainings of the 
MB of 24 different insect species against eight 
neuropeptide families, we demonstrated, that the 
distribution of a neuropeptide familie seems to be 
conserved within some insect orders, but it differs 
in most cases, especially between different orders. 
This vast variation of the distribution of 
neuropeptides within the MB might reflect its 
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broad range of function, observed in different 
insects (Heuer et al., 2012).  
To better understand how this neuropeptide family 
distributions are conserved within an order, it 
would be interesting to investigate this 
distributions in detail in different families of a 
single order, containing animals with similar and 
with different lifestyles, and animals with close and 
far phylogenetic relation. Therefore the 
immunohistological stainings against the 
neuropeptide tachykinin related peptide (TKRP) 
within 63 different coleopteran species (Kollmann 
et al., submitted) is a valuable set of data to 
answer this question of conserved neuropeptide 
family distribution in MB and other neuropils 
within insects.  
We additionally investigated the neuropeptide 
family ACP (adipokinetic hormone /corazonin-
related peptide) and its receptor within 
T. castaneum in detail and compared them with 
the structurally similar adipokinetic hormone (AKH) 
and corazonins (CRZ) and their receptors. AKH and 
CRZ are both known to be related to physiological 
activity and metabolic stress (Gade et al., 1997; 
Staubli et al., 2002; Veenstra, 1989; Tawfik et al., 
1999; Zitnan et al., 2007). The function of ACP is 
yet not fully understood, it seems to have no 
impact onto the growth, reproduction and 
mortality of adult animals, but it is highly 
expressed in late embryos and early larvae, 
suggesting a function in early larval development 
or physiology (Hansen et al., 2010).  
Despite the structural similarity of the three 
neuropeptides and their respective receptors, AKH 
doesn't activates the CRZ receptor and CRZ doesn't 
activates the AKH receptor, in addition ACP neither 
activates the AKH receptor nor CRZ receptor 
(Staubli et al., 2002; Cazzamali et al., 2002; 
Belmont et al., 2006). Furthermore, the ACP 
receptor cannot be activated by AKH or by CRZ 
(Hansen et al., 2010). 
Structural similarities of these three neuropeptide 
families and their receptors and their appearance 
in the phylogenetic tree of Insecta (respectively 
Tetraconata) leads to the conclusion, that they 
result from gene duplication from a single 
precursor (Hansen et al., 2010). 
The AL of Coleoptera and the architecture of their 
glomeruli  
By performing immunohistological stainings with 
an antibody against the neuropeptide TKRP and 
against the synaptic vesicle protein synapsin, 
respectively against the F-actin marker phalloidin 
we investigated the AL of 63 different coleopteran 
species. Apart from the round and spherical 
glomeruli, as known from most insects like Diptera, 
Hymenoptera, or Lepidoptera (Schachtner et al., 
2005), seven of the investigated Coleoptera show 
AL consisted of many, small glomeruli like the 
microglomeruli of Acrididae (Ignell et al., 2001; 
Schachtner et al., 2005). In additional 26 species, 
the glomeruli exhibit substructures within their 
glomeruli, in 15 of these species, this substructures 
are TKRP-ir. Further 12 species showed some kind 
of indications for (non TKRP-ir) substructures. The 
number of glomeruli per AL range from 50 to 150 
and 400 to 1,000 for AL with microglomeruli. 
Microglomeruli as well as substructured glomeruli 
can be observed in different families (not closely 
related to each other), therefore we speculate that 
this traits have evolved independently several 
times (Kollmann et al., submitted). 
A microglomerular organization of an coleopteran 
AL has been reported for diving beetles by some 
authors (e.g. Hanström, 1940; Panov, 2013), while 
other authors described the AL of diving beetles as 
aglomerular (e.g. Strausfeld et al., 1998; Strausfeld 
et al., 2009). However, our own observations 
clearly show the existence of microglomeruli 
within the AL in the two examined diving beetles. 
Additionally, our data also show microglomerular 
organized AL in the five investigated lady bug 
species, which AL had never been described before 
(Kollmann et al., submitted).   
The glomeruli substructures of Coleoptera are 
subcompartments within the glomerulus. Each 
glomerulus contains several of these substructures 
which are typically distributed evenly within the 
glomerulus. In Aethina tumida we could 
demonstrate, that the number of substructures per 
glomerulus correlates linear with the volume of the 
glomerulus (Kollmann et al., 2016). The 
substructures are identifiable by stainings against 
TKRP (which labels only the substructures of the 
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glomerulus), or by their intense labeling with the 
synapsin antibody, respectively with phalloidin. 
Antennal backfills in one species showed, that the 
substructures are avoid of OSN innervations. In 
species with TKRP-ir substructures, the antennal 
nerve never presents a TKRP immunoreactivity, 
while the TKRP-ir substructures were always 
innervated by TKRP-ir local interneurons (LN). 
Substructured glomeruli had also been observed in 
insects like Apis mellifera, Drosophila melanogaster 
and some lepidopteran species (e.g. Koontz and 
Schneider, 1987; Sinakevitch et al., 2013), but 
there only a single substructure per glomerulus 
(avoided by OSN and innervated by LN) can be 
found. In Gryllus bimaculatus, there are multiple 
substructures per glomerulus, but they are 
innervated by OSN (Ignell et al., 2001). Showing 
that the findings in Coleoptera are unique for 
insects.  
The substructured glomeruli might either originate 
from the fusion of single glomeruli (each with a 
single substructure per glomerulus as known from 
A. mellifera, D. melanogaster and some 
lepidopteran species; e.g. Koontz and Schneider, 
1987; Sinakevitch et al., 2013) or they result from a 
compartmentalization within such a glomerulus. 
 
Resume 
In this thesis, the brain architecture and especially 
the olfactory system of Coleoptera had been 
investigated for the first time in high detail. We 
revealed new insights of the olfactory (respectively 
chemoreceptive) pathway of these animals, which 
are the largest insect order and the most 
successful animals on earth. The findings will help 
to establish T. castaneum as the first coleopteran 
model organism for insect neuroscience and in 
particular for insect olfaction. 
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Ziel der Doktorarbeit 
Insekten sind die erfolgreichsten Tiere auf der Erde 
und sie haben einen großen Einfluss auf alle 
terrestrischen Ökosysteme. Sie haben ebenfalls 
einen großen Einfluss auf die Menschheit, sei es 
durch Bestäubung von Agrarpflanzen, Zerstörung 
von Ernten durch Fraßschäden oder durch 
Übertragung von Krankheiten auf Menschen und 
Nutztiere.  
Die meisten Insekten nutzen ihr Geruchssystem zur 
Bewältigung wichtiger Aufgaben wie z. B. dem 
Finden von Nahrung oder Geschlechtspartnern. 
Obwohl Käfer zu der diversesten und größten 
Insektenordnung gehören, wurde bei Käfern dieses 
wichtige Geruchsystem noch nie im Detail 
untersucht.   
Um das Geruchssystem der Käfer zu erforschen, 
wurde 1) ein Organismus – der Rotbraune 
Reismehlkäfer Tribolim castaneum – im Detail 
untersucht und 2) bestimmte neuronale Merkmale 
des Geruchssystems von zahlreichen Käfern und 
Insekten untersucht und miteinander verglichen, 
um dadurch ein breiteres Bild des Geruchssystems 
der Käfer zu erhalten.  
1: Vom Gehirn von T. castaneum wurden sowohl 
von Larven als auch von adulten Tieren 
3D-Rekonstruktionen angefertigt. Das 
Geruchssystem des adulten Tieres wurde 
umfangreich untersucht. Dies beinhaltete unter 
anderem A) die Morphologie der Antennen und 
deren chemorezeptiver Sensillen sowie die 
Neuroarchitektur der Gehirnareale, welche an der 
Verarbeitung der Geruchsinformationen beteiligt 
sind, als auch B) molekulare Daten über das 
Geruchssystem wie z. B. der Identifikation und 
Verteilung von olfaktorischen und gustatorischen 
Rezeptoren. Zusätzlich untersuchten wir die 
Verteilung von Neuropeptiden im primären 
olfaktorischen Integrationszentrum – dem 
Antennallobus (AL) – und einem höheren  
olfaktorischen Intergrationszentrum – dem 
Pilzkörper (engl. mushroom body: MB). 
2: Der zweite Fokus dieser Doktorarbeit lag auf der 
Untersuchung bestimmter Merkmale des 
Geruchssystems in unterschiedlichen Arten. Hierzu 
wurde A) die Verteilung von acht 
Neuropeptidfamilien in den MB von insgesamt 24 
unterschiedlichen Insektenarten untersucht und 
miteinander verglichen. Weiterhin wurde B) der AL 
von insgesamt 63 verschiedenen Käferarten 
erforscht und miteinander verglichen. Hierbei fiel 
auf, dass bei vielen der untersuchten Arten die 
olfaktorischen Glomeruli ungewöhnliche 
Substrukturierungen aufwiesen, wie sie so noch 
nie in Insekten oder anderen Tieren beobachtet 
wurden. In einem weiteren Projekt wurde die 
Verteilung dieser Substrukturierungen in einer Art 
genauer untersucht und beobachtet, dass die Zahl 
der Substrukturierungen linear mit der Größe der 
Glomeruli korreliert.  
Diese Doktorarbeit hat erstmalig detailliert das 
Geruchssystem von Käfern erforscht und dabei 
mehrere Charakteristika entdeckt, die so noch nie 
bei Insekten, bzw. Käfern, beobachtet wurden. 
Diese Arbeit ist ein fundamentaler Schritt zur 
Etablierung von T. castaneum als ersten Käfer-
Modellorganismus in der Neurobiologie, speziell 




Insekten sind die artenreichste und diverseste 
Klasse im Tierreich. Von den ca. 1,4 Millionen 
beschriebenen Tierarten weltweit sind ungefähr 1 
Millionen Arten Insekten, was ungefähr 70 % aller 
bekannten Tierarten ausmacht (Chapman, 2009). 
Sie sind von unverzichtbarer Bedeutung für die 
Ökologie des Planeten und die Ökonomie der 
Menschen.  
Insekten bilden die Grundlage vieler 
Nahrungsnetze, sind essenziell für die Bestäubung 
und Verbreitung unzähliger Pflanzen und wichtig 
für die Aufarbeitung des Erdreichs (Carpenter, 
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1928; Majer, 1987; Shurin et al., 2005). Auf die 
menschliche Gesellschaft haben Insekten 
zusätzliche Auswirkungen, sowohl positive als auch 
negative. Insekten stellen einerseits viele 
bedeutende Güter, wie z.B. Honig, Wachs oder 
Seide her, sie bestäuben angebaute Lebensmittel, 
verbessern die Nutzbarkeit von landwirtschaftlich 
genutzten Böden und leisten (biologische) 
Schädlingsbekämpfung (Foottit und Adler, 2009). 
Auf der anderen Seite sind sie für die Verbreitung 
zahlreicher Krankheiten bei Menschen 
(http://www.who.int/mediacentre/factsheets/fs38
7/en/ Zuletzt abgerufen: 23.10.2015) und 
Nutztieren (Hungerford, 1990) verantwortlich und 
stellen eine der größten Bedrohungen für die 
Agrarindustrie dar (Altieri und Nicholls, 2004). 
 
Der Geruchssinn 
Die überragende Mehrheit der Insekten nutzt ihren 
Geruchssinn um sich – speziell über weite 
Distanzen – zu orientieren. Der Geruchssinn hat für 
viele Vorgänge im Leben eines Insekts eine nicht 
wegzudenkende Bedeutung, z. B. um Nahrung, 
Geschlechtspartner, optimale Eiablageplätze, 
Unterschlupf oder Ansammlungen von 
Artgenossen zu finden oder um Prädatoren 
auszuweichen (Borden, 1985; Visser, 1986; 
Scrimgeour et al., 1994; Abjörnsson et al., 1997; 
Tegoni et al., 2004; Dahanuka et al., 2005; 
Whiteman und Pierce, 2008; De Bruyne et al., 
2010; Herbst et al., 2011; Leal, 2013). Bei 
geringerer Distanz wird er für die intraspezifische 
Kommunikation sowie zur Evaluation der Qualität 
von Nahrung, Geschlechtspartnern und 
Eiablageplätzen genutzt (Laska et al., 1999; 
Johansson und Jones, 2007; Liu et al., 2008; 
Whiteman und Pierce, 2008; Yang et al., 2008; 
Dicke, 2009; Weiss et al., 2011; Stensmyr et al., 
2012; Sun et al., 2012; Linz et al., 2013; Paczkowski 
et al., 2014;  
 
Die Geruchsbahn der Insekten 
Der Ausgangspunkt der Geruchsbahn der Insekten 
sind die olfaktorischen Sensillen auf den Antennen 
und teilweise auf den Mundwerkzeugen (von 
Frisch, 1921; Schneider und Kaissling, 1957; 
Stocker, 2001; Misof et al., 2007; Rebora et al., 
2008; Dippel et al., 2015). Olfaktorische Sensillen 
sind Ausstülpungen der Antennenkutikula und 
weisen Porenstrukturen auf ihrer Oberfläche auf. 
Diese Poren münden in den inneren Hohlraum der 
Sensillen, welche mit hydrophiler Sensillen-Lymphe 
gefüllt sind und die Dendriten der olfaktorischen 
Sensorneuronen (OSN) beinhalten, auf deren 
Oberfläche die olfaktorischen Rezeptoren (OR) 
liegen (Starausfeld und Lee, 1990; Steinbrech, 
1997; Shanbhag et al., 1999).  
Damit die in der Luft befindlichen und meist 
hydrophoben Duftmoleküle die hydrophile 
Sensillenlymphe überwinden können, um mit den 
OR zu interagieren, sind Geruchsbindungsproteine 
(engl. olfactory binding protein: OBP) vonnöten, 
ihre exakte Funktion ist bisher nicht vollständig 
verstanden (Laughlin et al., 2008; Hansson und 
Stensmyr, 2011; Leal, 2013). Vermutlich arbeiten 
sie als eine Art "Shuttle-System", welches die 
Duftstoffe an der inneren Mündung der Poren der 
Sensillen aufnimmt und durch den hydrophoben 
Raum zur Oberfläche der OSN transportiert. Um 
eine andauernde Erregung der OR zu vermeiden, 
befinden sich in der Lymphe Duftstoff-Zersetzungs-
Enzyme (engl. odorant-degrading enzymes: ODE), 
welche die Duftstoffe in der Lymphe abbauen. 
Die OR lassen sich in zwei verschiedene Typen von 
Rezeptoren unterteilen, welche normalerweise 
zusammen als Dimere auftreten. Der erste Typ 
umfasst eine Vielzahl von unterschiedlichen, 
spezifischen, ligandenbindenden OR (häufig als 
ORx bezeichnet). Der zweite Typ ist ein genereller 
Rezeptor, wovon es in einer Insektenart 
üblicherweise nur eine einzelne Version gibt (meist 
als Duftstoff-Rezeptor-Ko-Rezeptor [engl. odorant 
receptor co-receptor: Orco] bezeichnet). Der 
genaue Weg der molekularen Signaltransduktion 
ist nicht vollständig verstanden (Sato et al., 2008; 
Smart et al., 2008; Wicher et al., 2008; Ha und 
Smith, 2009; Martin und Alcorta, 2011; Getahun et 
al., 2013; Nolte et al., 2013; Stengl und Funk, 2013; 
Missbach et al., 2014). 
Die Signale der OSN gelangen über den 
Antennalnerv in den Antennallobus (AL), dem 
ersten Geruchsverarbeitungszentrum im 
Insektengehirn. Üblicherweise besteht der AL aus 
ca. 40 bis 80 (teilweise wesentlich mehr) kleinen, 
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kugeligen Untereinheiten, den Glomeruli (Ignell et 
al., 2005, Schachtner et al., 2005, Ghaninia et al., 
2007; Mysore et al., 2009; Dreyer et al., 2010). 
Typischerweise verschalten alle OSN, die den 
gleichen spezifischen OR exprimieren, in denselben 
Glomerulus. Die Glomeruli selbst entstehen durch 
die Verschaltung von vier verschiedenen 
Neuronentypen, den OSN, den lokalen 
Interneuronen (LN), den Projektionsneuronen (PN) 
und den Zentrifugalneuronen (engl. centrifugal 
neurons: CN). Durch eine komplizierte 
Verschaltung dieser Neuronen untereinander und 
ein komplexes Set an aktivierenden, hemmenden 
und modulierenden Neuromediatoren wird das 
eingehende Signal verarbeitet und über die PN an 
höhere Hirnareale weitergeleitet (Müller, 1997; 
Bicker, 1999a,b; Homberg und Müller, 1999; 
Hansson und Anton, 2000; Homberg, 2002; Nässel, 
2002; Carlsson et al., 2010; Neupert et al., 2012; 
Binzer et al., 2014; Siju et al., 2014, Fusca et al., 
2015).  
Die PN leiten die verarbeitete Geruchsinformation 
über die Antennallobus -Trakte (ALT) zu den 
Pilzkörpern (engl. mushroom bodies: MB) und zum 
Lateralen Horn (LH). Dies sind höhere, integrative 
Zentren die eine Vielzahl von Aufgaben erfüllen, 
von denen hier das Geruchslernen, 
Geruchserkennen und Geruchsbewerten sowie das 
Auslösen von bestimmten geruchsassoziierten 
Verhaltensweisen besonders erwähnenswert sind 
(de Belle und Heisenberg, 1994; Connolly et al., 
1996; Heimbeck et al., 2001; Mcguire et al., 2001; 
Menzel, 2001; Heisenberg, 2003; Wang et al., 
2003; Davis, 2004; Jefferis et al., 2007; Yamagata 
et al., 2007; Heuer et al., 2012; Strutz et al., 2014). 
 
Die Bedeutung der Käfer 
Käfer sind mit Abstand die artenreichste und 
diverseste Ordnung innerhalb der Insekten und des 
gesamten Tierreiches. Von den knapp über 1,4 
Millionen beschriebenen Tierarten gehören 
ungefähr 400.000 Arten zur Ordnung der 
Coleoptera. Beinahe 30 % aller beschriebenen 
Tierarten sind somit Käfer (Grimaldi und Engel, 
2005; Hunt et al., 2007; Hauser et al., 2008).
Sie zählen zu den größten agrar- und 
forstwirtschaftlichen Schädlingen (Perlak et al., 
1993; Cox, 1999; Nowak et al., 2001; Myers und 
Hosking, 2002; Simberloff, 2003; Altieri und 
Nicholls, 2004; Muirhead et al., 2006; Müller et al., 
2008; Foottit und Adler, 2009; Safranyik et al., 
2010; Fera, 2012; Stadelmann et al., 2013; Seidl et 
al., 2014) und trotz ihres immensen ökologischen 
und ökonomischen Einflusses (Grimaldi und Engel, 
2005; Hunt et al., 2007) gibt es unter der Vielzahl 
von Insekten-Modellorganismen in der 
Neurobiologie (und speziell in der Olfaktorik) keine 
Käferart.  
 
Tribolium castaneum als Modellorganismus 
Der Rotbraune Reismehlkäfer T. castaneum 
(Herbst, 1797) (Bonneton, 2008) gehört zur 
weitverbreiteten Familie der Tenebrionidae, in 
denen die Gattung Tribolium einige der 
bedeutendsten Schädlinge für gelagerte Nahrung 
beinhaltet (Nakakita, 1982; Angelini und Jockusch, 
2008; Angelini et al., 2009). 
T. castaneum ist bereits seit einiger Zeit ein 
Modellorganismus innerhalb der 
Entwicklungsbiologie (Brown et al., 2009). Es ist die 
zweite Insektenart, deren Genom vollständig 
entschlüsselt wurde (Wang et al., 2007; Richards et 
al., 2008; Kim et al., 2010), weswegen eine Vielzahl 
an genetischen Methoden an diesem Tier 
angewendet werden können (Bucher et al., 2002; 
Tomoyasu und Denell, 2004; Trauner et al., 2009; 
Schinko et al., 2010; Schinko et al., 2012). Darüber 
hinaus ist T. castaneum sehr einfach zu kultivieren 
mit geringen Ansprüchen an Nahrung und Platz, 
einer kurzen Generationszeit und einer hohen 
Reproduktionsrate. Ferner ist diese Art sehr 
langlebig, wodurch man an ihr Langzeiteffekte / 
Langzeitauswirkungen gut untersuchen kann 
(Bucher, 2009). All diese Gründe machen 
T. castaneum zu einem ausgezeichneten Insekten-
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Kapitel 1: Das 3D-Standardgehirn des 
Rotbraunen Reismehlkäfers Tribolium 
castaneum: Ein Werkzeug zur 
Untersuchung der Entwicklung während 
der Metamorphose und der 
Adultplastizität 
Originaltitel: 3D Standard Brain of the Red Flour 
Beetle Tribolium Castaneum: A Tool to Study 
Metamorphic Development and Adult Plasticity  
Für ein besseres Verständnis und als Grundlage für 
weitere Forschungen an dem Gehirn von 
T. castaneum wurden für beide Geschlechter 
Standardgehirne erstellt. Hierfür wurden 
individuelle Gehirne von jeweils 20 frisch adult 
gehäuteten (A0) weiblichen und männlichen Tieren 
mit Hilfe der Software AMIRA 3D-rekonstruiert. 
Dafür war eine immunhistochemische Färbung mit 
einem Antikörper gegen Synapsin erforderlich. 
Synapsin ist ein cytoplasmatisches 
Membranprotein der synaptischen Vesikel, 
welches für die Verankerung am Cytoskelett sowie 
für die Verschmelzung mit der Synapsenmembran 
und damit die Ausschüttung der Neurotransmitter 
wichtig ist. Der Antikörper gegen Synapsin färbt 
somit ubiquitär das gesamte Nervensystem 
(Klagges et al., 1996).  
Die 3D-Rekonstruktion basiert auf dem "virtuellen 
Insektengehirn"-Protokoll (engl. virtual insect 
brain: VIB) und beinhaltet acht paarige und drei 
unpaarige Neuropile. Von den optischen Loben 
(OL) sind die Medulla, Lobula Platte, Lobula und 
die akzessorische Medulla rekonstruiert. Vom 
Pilzkörper (engl. mushroom body: MB) sind der 
Calyx und der Pedunkulus inklusive seiner beiden 
Loben rekonstruiert. Vom Zentralkomplex (engl. 
central body complex: CBX) sind die Neuropile der 
oberen und unteren Einheit des Zentralkörpers, 
sowie dessen Noduli, als auch die 
Protocerebralbrücke rekonstruiert. Von den 
Antennalloben (AL) ist die Gesamtheit aller 
Glomeruli und der zentrale Bereich des ALs 
(welcher die sich aufteilenden Nerven des 
Antennalnervs beinhaltet) rekonstruiert. Die 
Rekonstruktionen der einzelnen Neuropile 
beinhalten zusätzlich Volumeninformationen, die 
einen Größenvergleich der einzelnen Gehirnareale 
zwischen den Geschlechtern ermöglichen. Jedoch 
konnte in dem untersuchten Altersstadium (A0) in 
keinem der rekonstruierten neuronalen Strukturen 
ein Sexualdimorphismus festgestellt werden.  
Zusätzlich wurden von den ca. 70 Glomeruli, die in 
den AL beider Geschlechter gefunden wurden, 
acht individuelle Glomeruli charakterisiert und in 
den AL von je zehn männlichen und weiblichen 
Tieren 3D-rekonstruiert und volumetrisch 
vermessen. Die Charakterisierung der acht 
Glomeruli geschah basierend auf ihrer Position, 
Form und Lage innerhalb des AL. Diese acht 
Glomeruli konnten zuverlässig in über 75 % aller 
untersuchten AL identifiziert werden. Die 
Volumendaten zeigen, dass in diesem 
Altersstadium in den untersuchten Glomeruli kein 
volumenbasierter Sexualdimorphismus vorliegt. 
Ferner konnte kein Hinweis auf einen 
makroglomerulären Komplex bzw. sexspezifische 
Glomeruli gefunden werden. Allerdings ist darauf 
hinzuweisen, dass in dieser Arbeit die Gehirne von 
frisch adult gehäuteten Tieren, die noch nicht 
sexuell ausgereift sind, untersucht wurden. Es ist 
durchaus möglich, dass sexuell ausgereifte Tiere, 
einen nachweisbaren volumetrischen 
Sexualdimorphismus im AL aufweisen. Ferner ist 
nicht auszuschließen, dass ein Sexualdimorphismus 
auf anderen Ebenen als dem Neuropilvolumen 
vorhanden sein könnte (z.B. synaptische 
Verschalungen oder Neurotransmitter).  
Der Vergleich der relativen Volumendaten der 
Neuropile zwischen unterschiedlichen 
Insektenarten – von denen ein Standardgehirn 
vorhanden ist (Drosophila melanogaster, Rein et 
al., 2002; Apis mellifera, Brandt et al., 2005; 
Schistocerca gregaria, Kurylas et al., 2008; und 
Manduca sexta, el Jundi et al., 2009) – zeigt, dass 
T. castaneum zum Teil stärkere Abweichungen zu 
den anderen Arten aufweist. Jedoch ist eine 
Vergleichbarkeit mit den Volumendaten der 
anderen Spezies suboptimal, da 1) die Daten meist 
nur von einem Geschlecht vorhanden sind, 2) 
Daten nur von einem Altersstadium vorhanden 
sind oder das Alter nicht bekannt ist oder 3) 
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potentielle individuelle Erfahrungen der Tiere nicht 
bekannt sind. Insbesondere ist auffällig, dass von 
den untersuchten Arten die OL von T. castaneum 
das geringste relative Volumen aufweisen, was 
vermutlich auf die kleinen Komplexaugen 
zurückzuführen ist, die aus nur 80 bis 83 
Ommatidien pro Auge bestehen (Friedrich et al., 
1996). Auf der anderen Seite hat T. castaneum von 
den untersuchten Tieren das größte relative 
AL-Volumen. Dies lässt vermuten, dass der 
Geruchssinn für die Käfer von relativ hoher 
Bedeutung ist, was auch bedingt mit den 
Beobachtungen bezüglich der Lebensweise der 
Tiere in Einklang steht. Die relative Größe der AL 
spiegelt sich auch in dem hohen relativen 
Volumenwerten der MB wieder, welche besonders 
dafür bekannt sind, dass sie die höheren 
Integrationzentren für Gerüche sind (Menzel, 
2001; Heisenberg, 2003). Diesbezüglich ist es auch 
möglich, dass die recht hohe Lebenserwartung von 
T. castaneum (Bucher, 2009) für das große relative 
Volumen der MB sorgt, wie dies auch von dem 
Schmetterling Heliconius charitonius bekannt ist 
(Sivinsky, 1989). Die genaue Funktion des CBX ist 
noch nicht genau bekannt, aber am besten 
beschrieben ist seine Funktion als sensorisches und 
motorisches Integrationszentrum (Strauss, 2002; 
Wessnitzer und Webb, 2006; Homberg, 2008). 
Erstaunlicherweise zeigt T. castaneum von den zu 
vergleichenden Insekten das größte relative 
Volumen des Zentralkörpers, was eine höhere 
komplexe Funktion vermuten lässt. Diesbezüglich 
wäre es interessant, die relativen Volumendaten 
anderer Käfer zum Vergleich zu haben, speziell von 
Tieren, welche andere Lebensweisen aufzeigen 
(speziell von im Wasser lebenden oder nicht 
flugfähigen Käfern). 
Diese Arbeit liefert ein Standardgehirn für 
männliche und weibliche Tiere der Art T. 
castaneum und ist damit ein wichtiges Werkzeug 
zur Erforschung von Adultplastizität und 
Gehirnentwicklung der Insekten und ein wichtiger 
Grundstock für weitere Arbeiten, welche sich mit 




Kapitel 2: Der Zentralkomplex der 
Insekten als Modell für Heterochronie in 
der Gehirnevolution - Hintergrund, 
Konzepte und Werkzeuge 
Originaltitel: The insect central complex as model 
for heterochronic brain development - 
background, concepts, and tools 
Obwohl das Gehirn der Insekten meist aus 
demselben Set von Neuropilen besteht 
(Schachtner et al., 2005; Strausfeld, 2005; 
Homberg, 2008; Strausfeld et al., 2009), weist 
deren Zusammensetzung, Anordnung und 
Entwicklung innerhalb der Insekten große 
Variationen auf, was vermutlich auf evolutionäre 
Anpassungen zurückzuführen ist. Die zellulären 
und genetischen Mechanismen der Entwicklung 
der Insektengehirne wurden bisweilen 
hauptsächlich an Drosophila melanogaster 
untersucht. Welche Prozesse hier aber für die 
Diversität innerhalb der Insekten verantwortlich 
sind, ist weitestgehend unbekannt.  
In D. melanogaster entsteht das gesamte 
Nervensystem aus unterschiedlichen neuronalen 
Zelllinien, welche sich aus dem Neuroblasten (den 
neuronalen Stammzellen) entwickeln und welche 
sich in Nerven- oder Gliazellen differenzieren 
können (Skeath und Thor, 2003; Urbach und 
Technau, 2004; Brody und Odenwald, 2005; 
Technau et al., 2006; Egger et al., 2008; 
Hartenstein et al., 2008). Hierbei sind viele Aspekte 
innerhalb der Klasse der Insekten konserviert 
(Stollewerk und Simpson, 2005; Wheeler et al. 
2005; Biffar und  Stollewerk, 2014), jedoch ist 
wenig über die Homologien der einzelnen Zelllinien 
zwischen den vielen Insektenhaften bekannt.  
Um diese Homologien besser verstehen zu können, 
wäre es notwendig, einzelne Zellen über ihre 
Entwicklung hinweg zu untersuchen. Hierbei 
sollten solche Zellen nicht nur die gleiche 
Lage/Morphologie aufweisen, sondern auch 
vergleichbare aktive Transkriptionsfaktoren und 
Neuromediatoren aufweisen. Für den Inter-
Spezies-Vergleich sollte man diesbezüglich nicht 
mehr von Zelllinien reden, sondern von 
"homologen Zellen, welche von konservierten 
Transkriptionsfaktoren reguliert werden". 
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Auszuwählende Modelorganismen zur 
Untersuchung der Evolution und Entwicklung der 
Insektengehirne sollten optimaler Weise 
Unterschiede in Größe und Architektur ihrer 
Neuropile aufweisen und gut zugänglich für 
genetische Modifikationen sein. Diesbezüglich 
würden die Mittelmeergrille (Gryllus bimaculatus), 
die Fruchtfliege (D. melanogaster) und der 
Rotbraune Reismehlkäfer (Tribolium castaneum) 
geeignete Modelorganismen darstellen.  
Der Zentralkomplex (engl. central compex: CX) ist 
ein Neuropil, welches gut geeignet ist, um die 
Evolution und Entwicklung der Insektengehirne zu 
untersuchen. Hervorzuheben ist hier die 
unterschiedliche Morphologie des CX in einigen 
Arten (Homberg, 2008) sowie die in vielen Arten 
beschriebene Heterochronie (unterschiedliche 
Zeitpunkte der Differenzierung des CX während 
seiner Entwicklung in unterschiedlichen 
Insektenarten) (Panov, 1959; Wegerhoff und 
Breidbach, 1992; Loesel at al., 2002; Boyan und 
Reichert, 2011; Boyan und Williams, 2011; Ito et 
al., 2014, Pfeiffer und Homberg, 2014). 
Um T. castaneum als einen Modelorganismus für 
die Erforschung der Evolution und Entwicklung des 
CX zu etablieren, wurde in dieser Arbeit der CX des 
ersten Larvenstadions (L1) charakterisiert. Durch 
histochemische Färbungen mit Antikörpern gegen 
fünf unterschiedliche Neuromediatoren sowie mit 
Färbungen gegen Synapsen und Färbungen mit 
Phalloidin, konnte der larvale CX genau 
beschrieben und mit den korrespondierenden 
Färbungen adulter Tiere verglichen werden. 
Basierend auf den histochemischen Färbungen 
erfolgte eine 3D-Rekonstruktion des L1 Gehirnes.  
Mit dem Modellorganismus T. castaneum verfügt 
man über diverse transgene Linien, welche 
hilfreich sind, um die Evolution und Entwicklung 
der Insektengehirne zu erforschen. Hierzu zählen 
die Linie G11410 (Posnien et al., 2011; Binzer et al., 
2013), welche die Pilzkörper markiert, die Linie 
Neuron-Red, welche Neuronen markiert (Posnien 
et al., 2011), die Linie Tc-asense, welche ein 
Neuroblasten-Marker ist, und die Linie 6XP3, 
welche Glia markiert. Die letzten beiden Linien 
wurden in dieser Arbeit mittels 
immunhistochemischen Färbungen gegen DC0 
(labelt selektiv den Pilzkörper; Farris und 
Strausfeld, 2003) und gegen Repo (labelt selektiv 
Gliazellen; Halter et al., 1995) verifiziert. 
T. castaneum stellt mit seinen zahlreichen 
Möglichkeiten der genetischen Manipulation, 
hilfreichen transgenen Linien und seiner 
heterochronen Einordnung seines CX zwischen D. 
melanogaster und G. bimaculatus einen idealen 
Modellorganismus zur Erforschung der 
Entwicklung und Evolution des Insektengehirnes 
und speziell des CX da. 
 
 
Kapitel 3: Morphologische und 
transcriptomische Analysen des 
chemosensitiven Systems eines Käfers 
zeigen ein olfaktorisches Zentrum im 
Unterschlundganglion 
Originaltitel: Morphological and Transcriptomic 
Analysis of a Beetle Chemosensory System 
Reveals a Gnathal Olfactory Center  
Die Geruchswahrnehmung der Insekten beginnt 
auf der Antenne (teilweise auch 
Mundwerkzeugen). Dort befinden sich in den 
olfaktorischen Sensillen die olfaktorischen Sensor-
Neurone (OSN), welche die olfaktorischen 
Rezeptoren (OR) exprimieren. Typischerweise 
treten die OR als Heterodimere auf, bestehend aus 
einem generellen OR (engl. odorant receptor co-
receptor: Orco) in Kombination mit einem 
spezifischen oder speziellen OR (teilweise als ORx 
bezeichnet). Der Kontakt vom Duftstoff und OR 
wird hierbei vermutlich durch 
Geruchsbindungsproteine (engl. olfactory binding 
protein: OBP) vermittelt. Die 
Geruchsinformationen der Antennen werden dann 
mittels Antennalnerv (AN)  zum Antennallobus (AL) 
– dem primären Geruchsverarbeitungszentrum im 
Gehirn – weitergeleitet. Der AL besteht aus 
sphärischen Untereinheiten (den Glomeruli), 
welche durch einen komplexen Schaltplan 
verschiedener Neuronentypen untereinander 
kommunizieren. Auf diese Weise verarbeitet der 
AL die eingebenden Signale der Antenne und leiten 
sie weiter zum Pilzkörper (engl. mushroom bodies: 
MB) und zum Lateralen Horn (LH) (Schachtner et 
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al., 2005; Laughlin et al., 2008; Vosshall und 
Hansson, 2011). Dieses Geruchssystem wurde in 
dieser Arbeit im Käfer Tribolium castaneum 
detailliert untersucht.  
Mittels transgener Linien, Fluoreszenz-in-situ-
Hybridisierung (FISH) und Immunhistochemie 
gegen Orco konnte gezeigt werden, dass auf den 
letzten drei Segmenten jeder Antenne insgesamt 
ca. 725 OSN vorzufinden sind, während auf den 
restlichen Antennensegmenten keine OSN 
nachgewiesen werden konnten.  
Durch transgene Linien und durch 
elektronenmikroskopische und 
immunhistochemische Untersuchungen konnten 
vier unterschiedliche Typen an 
Mechanorezeptoren sowie drei Typen an 
chemorezeptiven Sensillen charakterisiert werden. 
Diese weisen je nach Typ ein charakteristisches 
Verteilungsmuster auf den letzten drei 
Antennensegmenten auf. Insgesamt wurden ca. 
150 chemorezeptive Sensillen pro Antenne 
nachgewiesen.  
Basierend auf immunhistochemischen Färbungen 
gegen das Neuropeptid Tachykinin und gegen das 
Vesikelprotein Synapsin, konnten je AL ca. 90 
Glomeruli identifiziert werden.  
Backfills der Antenne markierten den gesamten 
(ipsilateralen) AL bis auf einen einzelnen 
Glomerulus, welcher exklusiv durch Backfills der 
Mundwerkzeuge markiert wird. Die Backfills der 
Antenne projizieren zusätzlich in das ipsilaterale 
antennale und motorsensorische Zentrum (engl. 
antennal mechanosensory and motor center: 
AMMC) sowie in das Unterschlundganglion (engl. 
gnathal ganglion: GNG). Backfills der 
Mundwerkzeuge projizieren im AL ausschließlich in 
einen (den oben erwähnten) Glomerulus, in den 
Lobus Glomerulatus (LG), in das primäre 
gustatorische Zentrum (engl. primary gustatory 
center: PGC) und in eine unpaarige, glomerulär 
organisierte Struktur (ca. 30 bis 40 Glomeruli) in 
GNG, welche wir als olfaktorisches Zentrum des 
GNG (engl. gnathal olfactory center: GOC) 
benannten. Diese Region ist auch in der 
transgenen Orco-Gal4/UAS-DsRed Linie markiert, 
welche partiell die OSN labeln. Dies unterstützt die 
Hypothese, dass das GOC an der 
Geruchsverarbeitung beteiligt ist.  
Ausgehend vom AL konnten wird 3 AL-Trakte (ALT) 
identifizieren, die zum LH und CA projizieren. 
Basierend auf histochemischen Färbungen mit den 
Kernmarker DAPI konnten die Zahl der Kenyon 
Zellen (engl. Kenyon cells = KC) – welche den MB 
bilden – auf ca. 2.800 pro MB bestimmt werden.  
Durch Gen-Annotation konnte die Menge der 
exprimierten Gene bestimmt werden, welche an 
der Chemorezeption von T. castaneum beteiligt 
sind. Diese beinhaltet unter anderem die Gene für 
ionotropische (Glutamat ähnliche) Rezeptoren (IR), 
gustatorische Rezeptoren (GR), OR, OBP und 
Duftstoff-Zersetzungs-Enzyme (engl. odorant-
degrading enzymes: ODE). Dies geschah für 
unterrichtliche Gewebegruppen (Antennen, Kopf 
ohne Antennen aber mit Mundwerkzeugen, 
Mundwerkzeuge, Beine und Körper) und beide 
Geschlechter der Tiere, was einen Vergleich der 
jeweiligen Expressionslevel ermöglicht.  
Im gesamten Geruchssystem von T. castaneum 
(sowohl bei den Daten bezüglich der Morphologie 
von Antenne und Gehirn als auch bezüglich der 
Genexpression) konnte kein Sexualdimorphismus 
festgestellt werden.  
Einer der auffälligsten Befunde ist, dass auf den 
Antennen von T. castaneum auffällig viele 
unterschiedliche GR gefunden worden. Diese GR 
werden in annähernd derselben Konzentration 
exprimiert wie auf den Mundwerkzeugen. 
Zusätzlich weisen auch die Mundwerkzeuge relativ 
viele OR auf. Von vielen Insekten (vor allem von 
Dipteren) ist dies anders bekannt. Dort findet man 
eher eine striktere organotrope Trennung 
zwischen olfaktorischem und gustatorischem 
System (Antenne und Mundwerkzeuge) 
(Dahanukar et al., 2001; Bohbot et al., 2007; 
Vermehren-Schmaedick et al., 2011). Die weniger 
strikte Trennung bei T. castaneum könnte daher 
stammen, dass die Lebensweise von T. castaneum, 
sein Verhalten und die Habitate die es bewohnt, 
dazu führen, dass die Antennen der Tiere häufiger 
mit potentieller Nahrung in Berührung kommen, 
als dies beispielsweise bei Dipteren der Fall ist.  
Ein weiterer Befund ist die Charakterisierung des 
GOC, eine Struktur, welche in dieser Form – und 
der vermuteten geruchsverarbeitenden Funktion – 
noch nie bei Insekten beschrieben wurde. Ferner 
ist die Identifikation von drei ALT (statt wie bisher 
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angenommen nur maximal zwei ALT) ein neuer 
Befund, der so noch nie bei Käfern entdeckt  
wurde  (Galizia und Rössler, 2010).  
Ein zusätzliches Novum ist die Charakterisierung 
des LG in T. castaneum, einem Neuropil, von dem 
es bisher hieß, dass es ausschließlich in  
hemimetabolen Insekten zu finden sei (Ernst et al., 
1977; Ignell et al., 2000; Schachtner et al., 2005; 
Hofer et al., 2005; Farris, 2008). 
Diese Befunde zeigen, dass bezüglich des 
Geruchssystems der Insekten, T. castaneum ein 
spannender, ergänzender Modellorganismus zu 
den bisher etablierten Insekten ist, da er neue und 





Kapitel  4: Das Neuropeptidom des 
Antennallobus und Pilzkörpers von 
Tribolium castaneum 
Originaltitel: The neuropeptidome of Tribolium 
castaneum antennal lobes and mushroom bodies 
Neuropeptide sind die größte und diverseste 
Gruppe an Signalmolekülen im Nervensystem von 
Insekten, was sich zum Teil auch durch ihren 
komplexeren biologischen Syntheseweg erklären 
lässt (Nässel, 2002; Predel et al., 2004; Altstein und 
Nässel, 2010). 
Das Genom von Tribolium castaneum hat 41 
identifizierte Peptid-Präkursor-Gene (Richards et 
al., 2008), welche voraussichtlich für ca. 80 
Neuropeptide codieren (Li et al., 2008). Von diesen 
41 Präkursor-Genen kodieren 22 für Neuropeptide, 
welche innerhalb der Insekten hoch konserviert 
sind (Hauser et al., 2010).  
Über die genauen Funktionen der Neuropeptide im 
Insektennervensystem ist noch nicht viel bekannt, 
wobei erste Erkenntnisse bei Drosophila 
melanogaster gewonnen werden konnten (z.B. 
Renn et al., 1999; Winther et al., 2006; Terhzaz et 
al., 2007; Chen und Ganetzky, 2012; Hergarden et 
al., 2012). Jedoch ist D. melanogaster ein 
evolutionär abgewandelter Vertreter der Diptera  
(Meusemann et al., 2010; Wiegmann et al., 2011), 
was den phylogenetisch basaleren T. castaneum – 
welcher wie D. melanogaster gut zugänglich für 
diverse genetische Manipulationen ist (Bucher et 
al., 2002; Brown et al., 2003; Tomoyasu und 
Denell, 2004; Peel, 2009; Trauner et al., 2009) – 
neben D. melanogaster zu einem guten 
Modellorganismus macht, der geeignet ist, die 
Funktion der Neuropeptide zu erforschen.  
T. castaneum ist ein Organismus, für dessen 
Überleben das Geruchssystem eine essentielle 
Bedeutung hat (hohe Zahl an Geruchsrezeptoren, 
Gehirn mit vergrößerten Zentren für 
Geruchsverarbeitung) (Cox und Collins, 2002; 
Engsontia et al., 2008; Dreyer et al., 2010). 
Diesbezüglich liegen in dieser Arbeit die primären 
und höheren Integrationszentren für 
Geruchsverarbeitung im Vordergrund 
(Antenallobus [AL] und Pilzkörper [engl. mushroom 
body: MB]), welche massenspektrometrisch 
(mittels "Direct Peptide Profiling") und 
immunhistochemisch untersucht wurden. Für das 
"Direct Peptide Profiling" wird der MB vor der 
Analyse in seine Substrukturen (Calyx: Ca, 
Pedunculus: Pe, medial Lobus: mL und vertikal 
Lobus: vL) zerlegt.   
Bei der massenspektrometrischen Analyse zeigten 
die jeweiligen untersuchten Gewebetypen (AL und 
Substrukturen des MB) ein sehr gut 
reproduzierbares Muster. Der charakteristische 
massenspektrometrische "Fingerabdruck" des AL 
und des MB unterscheidet sich in vielerlei Hinsicht 
voneinander. Die "Fingerabdrücke" der einzelnen 
Substrukturen des MB hingegen sind 
untereinander relativ ähnlich,  der "Fingerabdruck" 
des lateralen Protocerebrums unterscheidet sich 
jedoch sowohl stark von dem des AL als auch von 
dem der MB Substrukturen.  
Mittels massenspektrometrischer Analysen 
konnten in den AL der Männchen (n = 20) 28 
putative Neuropeptide nachgewiesen werden, die 
zu elf Neuropeptidfamilien gehören. Ungefähr die 
Hälfte der 28 im AL gefundenen Neuropeptide 
konnte in 100 % der Proben nachgewiesen werden 
(Detektionshäufigkeit = 100 %). Ca. 2/3 der 28 im 
AL gefundenen Neuropeptide haben eine 
Detektionshäufigkeit von mehr als 75 %.  
Hingegen konnten durch die 
massenspektrometrische Untersuchung der vier 
Zusammenfassung auf Deutsch 
275 
MB Substrukturen (n = 20 Ca; 20 Pe; 20 mL; 20 vL) 
insgesamt 37 unterschiedliche putative 
Neuropeptide nachgewiesen werden, die zu 16 
Neuropeptidfamilien gehören. Auffällig ist, dass es 
im Vergleich zum AL im MB wesentlich mehr 
Neuropeptide gibt, die in nur wenigen Samples 
nachgewiesen werden können. Während im AL ca. 
2/3 der nachgewiesenen Neuropeptide eine 
Detektionshäufigkeit von mindestens 75 % haben, 
so haben im Ca nur ca. 1/12 aller im MB 
nachgewiesenen Neuropeptide eine 
Detektionshäufigkeit von mehr als 75 %. Im Pe sind 
es ca. 1/7, im mL ca. 1/6 und im vL ca. 1/5 der im 
MB nachgewiesenen Neuropeptide, welche eine 
Detektionshäufigkeit von mindestens 75 % haben. 
Ferner gibt es im MB nur wenige Neuropeptide, 
die in allen vier Substrukturen mit einer hohen 
Detektionshäufigkeit auftauchen. Lediglich eine 
Form des "kurzen Neuropeptides F" (engl. short 
neuropeptide F: sNPF) konnte in allen vier MB 
Substrukturen mit einer Detektionshäufigkeit von 
100 % nachgewiesen werden und nur zwei weitere 
Neuropeptide haben in allen vier MB 
Substrukturen eine Detektionshäufigkeit von 
mindestens 75 %. Darüber hinaus konnte nur ein 
Neuropeptid gefunden werden (Allatotropin: AT), 
welches zwar in den AL nachgewiesen werden 
konnte, jedoch nicht im MB.  
Weiterhin wurden immunhistochemische 
Färbungen der AL und MB mit acht 
unterschiedlichen Neuropeptidantikörpern 
angefertigt, um die massenspektrometrischen 
Daten zu verifizieren und deren Lokalisation im 
Gewebe darzustellen. Die Detektionshäufigkeit der 
Neuropeptide in den AL und MB korreliert mit der 
Intensität/Verteilung der immunhistochemischen 
Färbemuster in diesen Neuropilen. So hat das 
Neuropeptid Periviscerokinin 2 (PVK 2) im AL eine 
Detektionshäufigkeit von 55 % und bei den 
immunhistochemischen Färbungen gegen dieses 
Neuropeptid zeigt der AL auch nur in vereinzelten 
Regionen ein schwaches Färbemuster. Hingegen 
haben die Neuropeptide SIF-Amid, 
Myhoinhibitorisches Peptid (MIP) und Tachykinin 
(TK) eine hohe Detektionshäufigkeit und können 
immunhistochemisch in hoher Intensität im ganzen 
AL nachgewiesen werden. Dieses Prinzip lässt sich 
auch mit den Neuropeptiden in den Substrukturen 
des MB beobachten. 
Die Daten der vorliegenden Studie bilden eine 
wichtige Grundlage für das Verständnis und zur 
Erforschung der modulierenden Eigenschaften von 
Neuropeptiden, speziell in den olfaktorischen 
Neuropilen von Insekten. Ferner kann die 
zeitsparende Technik, welche in dieser Arbeit für 
T. castaneum etabliert wurde, genutzt werden, um 
die  Adultplastizität von Neuropeptiden zu 
erforschen.   
 
 
Kapitel 5: Neuropeptide in den 
Pilzkörpern von Insekten 
Originaltitel: Neuropeptides in insect mushroom 
bodies 
Die Pilzkörper (engl. mushroom body: MB) der 
Insekten sind paarige Neuropile und weisen eine 
charakteristische Form auf (Heisenberg, 1998). Die 
MB bestehen aus der Fasermasse der sogenannten 
Kenyon Zellen (engl. Kenyon cells: KC), welche die 
intrinsischen Neuronen der MB sind. Die KC 
befinden sich bei den meisten Arten in beiden 
Hemisphären des Gehirns im n-anterioren Bereich 
und ihre Zahl ist stark artabhängig und variiert 
zwischen ca. 2.500 in Drosophila melanogaster 
(Hinke, 1961) und ca. 175.000 in Periplaneta 
americana (Neder, 1959). Die Dendriten der KC 
bilden meist den kappen- oder becherförmigen 
Calyx (Ca), der normalerweise direkt n-posterior 
der KC liegt. Die Axone der KC bündeln sich und 
verlaufen als säulenförmige Struktur nach n-
posterior und bilden den Pedunculus (Pe), welcher 
sich normalerweise auf der Höhe des 
Zentralkomplexes in zwei Loben aufteilt. Der 
mediale Lobus (mL) verläuft meist direkt n-
posterior des Zentralkomplexes hin zur 
Sagittalebene des Gehirns, der vertikale Lobus (vL) 
verläuft meist nach n-anterior/n-dorsal bis an die 
Abgrenzung des Gehirns (Heisenberg, 1998; 
Strausfeld et al., 2009). 
Die MB sind höhere Integrationszentren für eine 
Vielzahl unterschiedlichster, sensorischer Eingänge 
und erfüllen somit zahlreiche Funktionen. Am 
besten bekannt und am meisten erforscht sind die 
MB in ihrer Rolle des erlernen von Gerüchen und 
der damit verbundenen Gedächtnisspeicherung 
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und -abrufung (Mcguire et al., 2001; Menzel, 2001; 
Heisenberg, 2003; Davis, 2004). Morphologisch 
spiegelt sich dies in den prominenten Trakten 
wieder, welche die Antennalloben (erstes 
olfaktorisches Intergrationszentrum) und die MB 
verbinden. Dies wurde besonders in 
D. melanogaster (Heisenberg et al., 1985; de Belle 
und Heisenberg, 1994; Connolly et al., 1996; 
Dubnau et al., 2001) und in der Honigbiene Apis 
mellifera (Erber et al., 1980; Hammer, 1993; 
Hammer und Menzel, 1998; Fiala et al., 1999) aber 
auch in zahlreichen anderen Insektenarten 
beobachtet (Farris, 2005).  
Das exakte neuronale Netzwerk, welchem die oben 
genannten Funktionen zugrunde liegen, ist bisher 
noch nicht vollständig verstanden. Es wird 
vermutet, dass jeder spezifische Duft ein 
individuelles Set an KC aktiviert (Perez-Orive et al., 
2002; Jortner et al., 2007), was wiederum ein 
individuelles Output-Signal erzeugt, welches sich 
dann in einem entsprechenden Verhalten 
wiederspiegelt (Schwaerzel et al., 2003; Unoki et 
al., 2005; Schroll et al., 2006). In diesem 
neuronalen Netzwerk spielen eine Vielzahl an 
Neurotransmittern eine essentielle Rolle. Die 
größte und diverseste Gruppe an 
Neurotransmittern (nicht nur innerhalb der MB 
sondern innerhalb des ganzen 
Insektennervensystems) sind die Neuropeptide 
(Altstein und Nässel, 2010).  
In dieser Arbeit betrachten wir die 
immunhistochemischen Färbemuster in den MB 
von acht verschiedenen Neuropeptid Antikörpern 
in neun verschiedenen Insektenordnungen 
(insgesamt werden Daten von 24 verschiedenen 
Arten gezeigt). Der Übersicht halber wurden die 
Daten (neben einer ausführlicheren Beschreibung) 
in eine grafische Matrix eingetragen, welche für 
die jeweiligen Arten und Neuropeptide die 
Färbemuster innerhalb des Ca, des Pe und der 
beiden Loben (vL und mL) zeigen. Zum Erstellen 
der Matrix wurden 36 Datensätze aus 
Veröffentlichungen genutzt, wobei im Falle von 
acht dieser Datensätze eigens angefertigte 
Präparate herangezogen wurden, um diese Daten 
zu unterstützen. Weitere 48 Datensätze basieren 
ausschließlich auf eigens angefertigten Präparaten. 
Innerhalb der Insekten ist die neuronale 
Architektur normalerweise stark konserviert, 
sodass die generelle Form und Lage der einzelnen 
Neuropile stets leicht wiederzuerkennen ist 
(Kutsch und Breidbach, 1994). In vielen der bisher 
beobachteten Fälle trifft dieser hohe Grad der 
Konservierung auch auf die Verteilung der 
Neuropeptide (und deren Rezeptoren) zu. Dies 
bedeutet, dass die immunhistochemischen 
Färbemuster von Neuropeptid Antikörpern in 
unterschiedlichen Insektenarten starke 
Gemeinsamkeiten aufweisen (Nässel, 2002; Nässel 
und Homberg, 2006; Nässel und Winther, 2010). 
Wie jedoch auch Evolution und Selektion einen 
Einfluss auf die Form der MB innerhalb der 
unterschiedlichen 
Insektenarten/Insektenordnungen haben 
(Strausfeld et al., 2009), so kann dies auch einen 
Einfluss auf die Verteilung der Neuropeptide (und 
deren Rezeptoren) innerhalb des MB haben. 
Die Immunfärbungen zeigen, dass die 
Neuropeptide in den meisten Fällen immer im MB 
nachgewiesen werden können (wenn auch 
teilweise nur vereinzelte Färbemuster in 
vereinzelten Regionen), jedoch findet man beim 
Vergleich zwischen den unterschiedlichen 
Insektenarten meistens große Unterschiede im 
Detail. Dies bezieht sich zum einen auf die An-, 
bzw. Abwesenheit von etwaigen Färbungen in den 
Substrukturen des MB (Ca, Pe, vL und mL), zum 
anderen auf unterschiedliche Färbemuster (z.B. 
intensive Färbung der ganzen Substruktur oder nur 
vereinzelte Fasern) in den jeweiligen 
Substrukturen des MB. Nur bei wenigen 
Neuropeptiden findet man konservierte Muster 
innerhalb einer Insektenordnung (wie z.B. das 
Neuropeptid AST A in Lepidopteren und in den 
Phasmatodea oder die Peptide SIF-Amide und 
sNPF in Dipteren oder auch FMRFamid in 
Blattodeen), was für diese Peptide in diesen Arten 
auf eine konservierte Funktion hinweisen könnte. 
Hier ist es jedoch schwer über Homologien zu 
sprechen, zumindest wenn die Innervation nicht 
intrinsisch ist und damit nicht von den KC 
abstammt. Denn um eine Homologie der 
extrinsischen Färbungen zu postulieren wäre eine 
Identifikation der jeweiligen korrespondierenden 
Zellkörper erforderlich, was in den meisten 
Literaturquellen und Präparaten nicht möglich war. 
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In einigen Fällen kann man bei den jeweiligen 
Neuropeptiden innerhalb einer Insektenordnung 
größere Gemeinsamkeiten bei den 
immunhistochemischen Färbemustern finden (wie 
z.B. FMRMamid in Dipteren, Lepidopteren oder 
Phasmiden). Häufig sind aber selbst innerhalb 
einer Ordnung die Färbemuster sehr 
unterschiedlich (z.B. TK und AST A in Blattodeen, 
MIP und AST A in Dipteren, oder MIP in 
Coleoptera). Bei all den untersuchten Arten gab es 
nie ein Neuropeptid, dessen Antikörperfärbung bei 
allen Ordnungen ein absolut einheitliches 
Färbemuster  zeigte.  
Die häufige Variabilität der immunhistochemischen 
Färbemuster eines Neuropeptid-Antikörpers 
innerhalb der MB einer Ordnung – oder auch 
zwischen den Ordnungen – könnte die hohe 
Bandbreite der Funktionen der MB widerspiegeln 
(siehe Tabelle 1 in Kapitel 5 [Englischer Teil der 
Dissertation]), sodass im Laufe der Evolution 
Selektionsprozesse nicht nur einen Einfluss auf die 
Morphologie der MB hatten, sondern auch auf 
dessen Neuropeptide. Um weiterhin Aussagen 
treffen zu können, wäre es hilfreich, mehr Daten 
zu sammeln, sodass man für die jeweiligen 
Ordnungen und Peptide mehrere Datensätze zum 
Vergleich hat, um besser Gemeinsamkeiten oder 
Unterschiede zu erkennen.   
 
 
Kapitel 6: Die Entdeckung eines neuen 
Insekten Neuropeptid-Signal-Systems, 
nahe verwandt zu dem Signal-System der 
Hormone Adipokin und Corazonin 
Originaltitel: Discovery of a Novel Insect 
Neuropeptide Signaling System Closely Related to 
the Insect Adipokinetic Hormone and Corazonin 
Hormonal Systems 
Neuropeptide und deren Rezeptoren spielen eine 
wichtige Rolle im Nervensystem von Insekten. Zwei 
Neuropeptid-Systeme (Neuropeptid und 
Rezeptor), die sich strukturell stark ähneln, sind die 
des Adipokinetischen Hormons (AKH) und des 
Corazonins (CRZ). Ein weiterer Neuropeptid-
Rezeptor, welcher 2006 im Malaria-Moskito 
Anopheles gambiae identifiziert wurde (Belmont et 
al., 2006), dessen Ligand aber bisher unbekannt 
war, liegt strukturell zwischen dem AKH- und CRZ-
Rezeptor. Aufgrund dieser strukturellen 
Ähnlichkeit wurde der Rezeptor "AKH/Corazonin-
verwandtes Peptid-Repeptor" (engl.: 
AKH/corazonin-related peptide-receptor: ACP; 
bzw. ACP-Rezeptor) genannt.  
Trotz der hohen strukturellen Ähnlichkeit aktiviert 
weder AKH noch CRZ die Rezeptoren der 
jeweiligen anderen Neuropeptid-Systeme oder den 
ACP-Rezeptor (Staubli et al., 2002; Cazzamali et al., 
2002; Belmont et al., 2006). Dies ist ein gutes 
Beispiel für Rezeptor/Liganden Koevolution 
(Cazzamali et al., 2002; Park et al., 2002; Hauser et 
al., 2006; Hauser et al., 2008) und es ist zu 
vermuten, dass alle drei Rezeptoren und ihre 
Liganden durch Genduplikation entstanden sind. 
Diese Idee der Koevolution spiegelt sich auch in 
den Funktionen der Neuropeptid-Systeme von AKH 
und CRZ wieder, welche vermutlich zum größten 
Teil mit physiologischer Aktivität und 
metabolischem Stress in Verbindung stehen (Gade 
et al., 1997; Staubli et al., 2002; Veenstra, 1989; 
Tawfik et al., 1999; Zitnan et al., 2007). Die 
Funktionen des ACP-Neuropeptid-Systems ist 
bisweilen unbekannt. 
Um die Funktion und Evolution dieser 
Neuropeptid-Systeme besser zu verstehen, wurden 
deren Rezeptoren annotiert, geklont und 
beschrieben. Das Neuropeptid-System des ACP 
wird in dieser Arbeit erstmalig beschrieben. 
Durchsuchungen von Gendatenbanken 
identifizierten ein Gen für ein Peptid, welches als 
Ligand für den in A. gambiae gefundenen ACP-
Rezeptor (Belmont et al., 2006) infrage kommt und 
dementsprechend als ACP bezeichnet wurde. So 
wie auch die AKH-, CRZ- und ASP-Rezeptoren 
untereinander große strukturelle Ähnlichkeiten 
aufweisen, so tun dies auch deren aktivierende 
Peptide. Ein vergleichbares ACP-Peptid konnten 
auch in sieben weiteren Insektenarten identifiziert 
werden (den Moskitos Aedes aegypti und Culex 
pipiens, den Schmetterlingen Bombyx mori und 
Ostrinia nubilalis, dem Käfer Tribolium castaneum, 
der Wespe Nasonia vitripennis und der Wanze 
Rhodnius prolixus). Jedoch gibt es auch Insekten, in 
denen kein ACP-Peptid nachgewiesen werden 
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konnte (Honigbiene Apis mellifera, Erbsenblattlaus 
Acyrthosiphon pisum, Laus Pediculus humanus und 
12 verschiedenen Drosopila Spezies), auch im 
Wasserfloh Daphnia pulex konnte es nicht 
identifiziert werden. Dies lässt vermuten, dass das 
ACP Neuropeptid-System während der Evoluten 
der Insekten an unterschiedlichen Stellen verloren 
gegangen ist. Solche punktuellen Verluste von 
Neuropeptid-Systemen wurden bei Insekten 
bereits mehrfach beobachtet (Li et al., 2008; 
Hauser et al., 2006 und 2008;  Stafflinger et al., 
2008).  
Auch die ACP-Rezeptoren weisen große 
Übereinstimmungen bei vielen der untersuchten 
Spezies auf (A. aegypti, C. pipiens, B. mori, T. 
castaneum, N. vitripennis und R.prolixus). Bei den 
Arten, bei denen das APC-Peptid nicht 
nachgewiesen werden konnte, konnte ebenfalls 
kein Rezeptor identifiziert werden (Apis mellifera, 
A. pisum, P. humanus, 12 Drosopila Spezies und D. 
pulex).  
Die ACP-Rezeptoren von A. gambiae und T. 
castaneum wurden kloniert und jeweils in 
chinesischen Hamster-Ovarien (engl.: Chinese 
hamster ovaries: CHO) exprimiert. Diese CHO 
zeigten bei Zugabe von ACP eine charakteristische 
Dosis-Antwort-Kurve, jedoch nicht bei Zugabe von 
AKH oder CRZ oder 40 anderen getesteten 
Insekten Neuropeptiden. CHO in denen A. gambiae 
AKH-, bzw. CRZ-Rezeptor exprimiert wird, zeigen 
keine Kreuzreaktion mit CRZ, bzw. AKH oder mit 
ACP, was die Spezifität dieses Rezeptors 
demonstriert.  
Der phylogenetische Vergleich der untersuchten 
Holometabola zeigt, dass im Stammbaum sowohl 
die Rezeptoren als auch die Peptide von AKH, CRZ 
und ACP Cluster bilden und jeweils die Cluster von 
ACP zwischen denen von AKH und CRZ liegen, was 
die Theorie der Koevolution unterstützt. Es ist zu 
vermuten, dass das Neuropeptid-Systeme von AKH 
und ACP von einem gemeinsamen, einzelnen 
Vorläufersystem abstammt. Da in D. pulex (einem 
Krebs, welche vermutlich die direkten Vorfahren 
der Insekten sind [Glenner et al., 2006]) kein ACP 
wohl aber AKH-Rezeptoren nachgewiesen werden 
konnten, ist zu vermuten, dass das ACP-
Neuropeptid-System aus dem AKH-Neuropeptid-
Systeme hervorgegangen ist.  
Mittels quantitativer PCR bei T. castaneum konnte 
gezeigt werden, dass sowohl die mRNA des ACP-
Rezeptors als auch das Peptid im adulten Tier im 
Kopf (vermutlich im Gehirn) bis zu 30 mal stärker 
exprimiert wird als im restlichen Körper (Abdomen 
und Thorax). Die stärkste Expression konnte jedoch 
in späten Embryonen und der frühen Larve 
gefunden werden (kurz vor und nach Schlupf). 
Immunhistochemische Färbungen dieses frühen 
Larvenstadiums zeigen vier ACP-immunreaktive 
Zellen pro Hemisphäre, dessen Fortsätze in das 
Gehirn, Thorakal- und Abdominalganglion 
projizieren.  
Die genaue Funktion des Peptides ist nicht 
bekannt. RNA-Interferenz gegen den ACP-Rezeptor 
in weiblichen Puppen von T. castaneum zeigte 
keinen messbaren Effekt auf den Habitus, die 
Reproduktion oder Mortalität. Da jedoch Peptid 
und Rezeptor in späten Embryonen/frühen Larven 
besonders stark exprimiert wird, ist eine Funktion 
in der Entwicklung der frühen Larvenentwicklung 
oder deren Physiologie anzunehmen. 
 
 
Kapitel  7: Eine neu entdeckte 
Antennallobus-Struktur im kleinen 
Beutenkäfer Aethina tumida 
Originaltitel: Novel antennal lobe substructures 
revealed in the small hive beetle Aethina tumida 
Der kleine Beutenkäfer Aethina tumida ist ein aus 
Afrika stammender Parasit, welcher Völker 
diverser Bienenarten befällt (Neumann und Elzen, 
2004; Spiewok und Neumann, 2006; Greco et al.,  
2010; Halcroft et al.;  2011), sich mittlerweile in 
anderen Ländern über den Globus verbreitet 
(Neumann und Elzen, 2004; Neumann und Ellis, 
2008; Mutinelli et al., 2014) und dort eine 
ernstzunehmende Bedrohung für die 
Wildbestände und Imkerei darstellt (Lundie, 1940; 
Schmolke, 1974; Neumann und Elzen, 2004). 
Bisher konnte in dieser Käferart kein 
Aggregationspheromon identifiziert werden, wie 
es von anderen Mitgliedern dieser Familie bekannt 
ist, jedoch werden die Käfer von Gerüchen der 
Bienen, beziehungsweise Gerüchen aus deren 
Kolonien, angelockt (Suazo et al., 2003; Graham et 
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al., 2011; de Guzman et al., 2011), während das 
visuelle System der Tiere vermutlich nicht von 
großer Bewandtnis dafür ist. Dies lässt vermuten, 
dass der Geruchssinn dieser Parasiten ein Schlüssel 
zu ihrer Bekämpfung sein könnte, weswegen der 
Schwerpunkt dieser Veröffentlichung auf der 
Untersuchung des Antennallobus (AL) von A. 
tumida liegt. 
Zur Untersuchung des Nervensystems von A. 
tumida wurden für immunhistochemische (IHC) 
Färbungen Antikörper gegen die beiden 
Neuromediatoren Serotonin (5HT) und Tachykinin 
(TK) sowie gegen das ubiquitär Vesikelprotein 
Synapsin – welches das Nervensystem ubiquitär 
markiert (Klagges et al., 1996) – verwendet. Von 
den Neuromediatoren ist bekannt, dass sie bei 
unterschiedlichsten Insektenarten stets im AL 
vorzufinden sind, wo sie voraussichtlich 
steuernd/modulierend in die Geruchsverarbeitung 
eingreifen (Linn und Roelofs, 1986; Kloppenburg 
und Hildebrand, 1995; Hill et al., 2003; Gatellier et 
al., 2004; Winther et al., 2006; Dacks et al., 2009, 
Ignell et al., 2009; Winther und Ignell, 2010).  
Die 3D-Rekonstruktion des Gehirns zeigt eine 
insektentypische Neuroanatomie wie sie auch bei 
vielen anderen Käfern vorzufinden ist (Van 
Haeften, 1993; Breidbach und Wegerhoff, 1994; 
Larsson et al., 2004; Dreyer et al., 2010; Hu et al., 
2011). Folgende Neuropile konnten identifiziert 
und rekonstruiert werden: Von den optischen 
Loben konnten die Medulla, die Lobula und die 
Lobula Platte rekonstruiert werden. Von dem 
Zentralkomplex wurden die obere und untere 
Einheit des Zentralkörpers sowie dessen Noduli, als 
auch die Protocerebralbrücke, rekonstruiert. Vom 
Pilzkörper konnte der Calyx sowie der Pedunkulus 
mit seinen beiden Loben rekonstruiert werden. 
Von den Antennalloben (AL) wurden alle Glomeruli 
und der innere Bereich des AL (welcher den sich 
aufteilenden Antennalnerv beinhaltet) 
rekonstruiert. 
Bei den Männchen beinhaltet der AL 72,0 ± 3,9 
Glomeruli, bei den Weibchen 71,1 ± 3,4 Glomeruli. 
Sowohl in der Zahl der Glomeruli, als auch in der 
Größe der AL, bzw. der Glomeruli konnte kein 
signifikanter Unterschied zwischen den 
Geschlechtern festgestellt werden. Des Weiteren 
konnten keine Hinweise auf die Existenz eines 
makroglomerulären Komplexes bzw. 
sexspezifischer Glomeruli gefunden werden. 
Die Immunfärbungen mit dem TK Antikörper 
zeigten TK-immunreaktive (TK-ir) Substrukturen 
innerhalb der Glomeruli auf. Die Zahl dieser TK-ir 
Substrukturen pro Glomerulus ist linear zur Größe 
der Glomeruli, sie sind gleichmäßig im Glomerulus 
verteilt und befinden sich niemals direkt an der 
Außenbegrenzung der Glomeruli. Die Verteilung 
weist keinen Sexualdimorphismus auf. Die TK-
immunreaktivität stammt offensichtlich von 
lokalen Interneuronen (LN).  
Bei den IHC Färbungen mit dem Antikörper gegen 
5TH konnte ein feines Netzwerk an 5HT-
immunreaktive (5HT-ir) Nerven entdeckt werden, 
welches sich in allen Glomeruli der AL ausbreitet, 
jedoch werden keine der TK-ir Substrukturen der 
Glomeruli innerviert. Die Innervation dieses 5HT-ir 
Netzwerkes eines AL stammt von nur einer 
einzelnen Zelle, die jeweils lateral des 
kontralateralen AL liegt und ohne ersichtliche 
Verzweigungen zum gegenüberliegenden AL 
projiziert, wie auch bei anderen Insekten 
beschrieben (Dacks et al., 2009). 
Im Vergleich zu acht anderen Insektenarten, von 
denen Volumendaten der Gehirne verfügbar sind, 
ist besonders erwähnenswert, dass A. tumida 
auffällig große AL ausweist, was die Hypothese 
stützt, dass der Geruchssinn für das Verhalten 
dieser Tiere von besonderer Bedeutung ist. Die MB 
hingegen weisen ein eher geringeres relatives 
Volumen auf. Da die MB in erster Linie dafür 
bekannt sind, höhere Integrationszentren für 
Gerüche zu sein (Heuer et al., 2012), korreliert dies 
auf den ersten Blick nicht mit der relativ großen AL. 
Jedoch konnte bei Käfern gezeigt werden (Farris 
und Roberts, 2005), dass Tiere, die in ihrer 
Nahrungssuche spezialisiert sind (wie dies auch bei 
A. tumida der Fall ist), kleinere MB haben als 
Nahrungsgeneralisten (unabhängig von der 
relativen Größe ihrer AL). 
Die sphärischen TK-ir Substrukturen, wie sie in 
A. tumida gezeigt wurden, sind für Insekten 
ungewöhnlich und wurden so noch nie 
beschrieben. Herkömmlich gibt es für LN fünf 
verschiedene Innervationsmuster der Glomeruli:  
1) nur vereinzelte Fasern auf der Oberfläche des 
Glomerulus, 2) einzelne Fasern innerhalb des 
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ganzen Glomerulus oder 3) oder nur in Teilen des 
Glomerulus, 4) ein dichtes Fasergeflecht von LN im 
ganzen Glomerulus oder 5) nur in Teilen des 
Glomerulus (Schachtner et al., 2005; Seki und 
Kanzaki, 2008; Husch et al., 2009; Carlsson et al., 
2010; Chou et al., 2010; Seki et al., 2010; Neupert 
et al., 2012; Binzer et al., 2014; Siju et al., 2014). 
Für die Funktion der TK-ir Substrukturen des AL 
werden hier zwei Hypothesen vorgestellt. 1) Da 
diese sphärischen Substrukturen einheitlich im 
ganzen Glomerulus verteilt sind und ihre Zahl 
linear mit der Größe der Glomeruli korreliert, 
könnten sie als massive Neuromodulator-
Ausschüttungszonen dienen, welche den 
Glomerulus schnell und einheitlich mit 
Neuromediatoren (die lokal als Neurohormone 
wirken könnten) versorgen. 2) Die einzelnen 
Substrukturen könnten funktionell wie einzelne, 
unabhängige Glomeruli arbeiten, wodurch 
eventuell die "Leistungsfähigkeit" des AL 
verbessert werden könnte. Da dieser Käfer mit 
seinen ca. 70 Glomeruli ein Parasit in Kolonien von 
Bienen ist, welche typischerweise weitaus mehr 
Glomeruli haben (152 bis 166 pro AL in 
Arbeiterinnen der Honigbiene; Arnold et al., 1985) 
und sehr stark mittels Pheromonen 
kommunizieren (Slessor et al., 2005; Trhlin und 
Rajchard, 2011), wäre es für das Überleben und 
Fortpflanzen des Käfers von Vorteil, mittels eines 
"leistungsstärkeren" AL (zu einem Teil) die 
Kommunikation im Bienenstock zu verstehen. 
Ohne weitere Studien, wie z.B. Backfills der 
Antennen und/oder einer exakteren Untersuchung 
einzelner AL-Neuronen, ist es schwer die beiden 
Hypothesen zu überprüfen. 
 
 
Kapitel 8: Variationen über ein Thema: 
Antennallobus Architektur der Coleoptera 
Originaltitel: Variations on a theme: antennal 
lobe architecture across Coleoptera 
Trotz der großen Artenvielfalt und Diversität sowie 
des ökonomischen und ökologischen Einflusses der  
Coleoptera (Crowson, 1981; Grimaldi und Engel, 
2005; Hunt et al., 2007; Hauser et al., 2008; 
Chapman, 2009;  Foottit und Adler, 2009; 
Kukalová-Peck und Beutel, 2012) wurde das 
olfaktorische System dieser Tiere nicht ausführlich 
untersucht. Detaillierte anatomische Daten über 
den Antennallobus (AL) – das primäre olfaktorische 
Integrationszentrum – von adulten Käfern gibt es 
nur vom Blatthornkäfer Holotrichia diomphalia (Hu 
et al. 2011), Rotbraunen Reismehlkäfer Tribolium 
castaneum (Dreyer et al., 2008; Dippel et al., in 
Revision [Siehe Kapitel 3]) und vom Kleinen 
Beutenkäfer Aethina tumida (Kollmann et al., 
2015).  
In der vorliegenden Arbeit beschreiben wir die 
Neuroanatomie der AL der Käfer, basierend auf 
histochemischen Färbungen an insgesamt 63 
unterschiedlichen Käferarten. Hierfür verwendeten 
wir zwei Antikörper, wovon einer gegen das 
Neuropeptid Tachykinin (engl. Tachykinin Related 
Peptides: TKRP) und der andere gegen das 
Vesikelprotein Synapsin gerichtet ist. Ferner 
wurden zwei Gewebemarker verwendet, wovon 
der eine f-Aktin (Pahalloidin) und der andere 
Zellkerne (DAPI) markiert. 
Auf den ersten Blick ähnelt die Anatomie der 
meisten Käfer AL derer der meisten anderen 
Insekten, wie dies z.B. auch für Drosophila 
melanogaster beschrieben ist (Schachtner et al., 
2005). Bei den Käfern schwankt die Zahl der 
Glomeruli pro AL zwischen 50 und 150;  allerdings 
liegt der repräsentative Wert beim größten Teil der 
Käfer zwischen 80 und 120 Glomeruli. Bei den 
Coccinellidae (Marienkäfern) und den Dytiscidae 
(Schwimmkäfern) besteht der AL allerdings aus 
zahlreichen kleineren sphärischen Strukturen, 
ähnlich den Mikroglomeruli von Acrididae 
(Feldheuschrecken) (Ignell et al., 2001, Schachtner 
et al., 2005). Hier liegt die Zahl der Glomeruli pro 
AL für Marienkäfer bei ungefähr 400 bis 600 und 
für Schwimmkäfer bei ca. 400 bis 1.000.   
In 15 der 63 untersuchten Arten konnten in den 
Glomeruli Tachykinin immunreaktive (TKRP-ir), 
sphärische Substrukturen gefunden werden, wie 
sie schon für A. tumida beschrieben wurden 
(Kollmann et al., 2015). Dort korreliert die Größe 
der Glomeruli linear mit der Anzahl der TKRP-ir-
Untereinheiten. Basierend auf den Färbungen mit 
Phallodidin bzw. mit dem Synapsin Antikörper 
wurden in zahlreichen weiteren Arten 
Substrukturen in den AL identifiziert.  
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Die Arten, welche diese TKRP-ir-Substrukturen 
aufwiesen, stammen aus 7 Familien, die über den 
ganzen Stammbaum der Käfer verteilt sind. Auch 
innerhalb dieser Familien ist dieses Phänomen 
scheinbar nicht vollständig konserviert.  
Ferner konnte bei Arten, deren Glomeruli 
Substrukturen aufweisen (egal ob TKRP-ir oder 
nicht) keine Korrelation zu deren Ernährungsart 
sowie deren Habitat (terrestrisch oder strakt 
assoziiert zu aquatischen Lebensräumen) gefunden 
werden. Auch die relativen Volumenwerte der 
jeweiligen Neuropile, bzw. das absolute Volumen 
der AL, scheinen in keinerlei Korrelation zu den 
TKRP-ir-Substrukturen zu stehen. Lediglich bei den 
Marien- und Schwimmkäfern – welche eine 
mikroglomeruläre Organisation der AL aufweisen – 
konnte eine Korrelation gefunden werden. Eine 
ähnliche Strukturierung der AL findet man auch bei 
Libellen (Rebora et al., 20013), welche ebenso wie 
Marien- und Schwimmkäfern Räuber sind und sich 
offensichtlich stark auf ihr visuelles System 
verlassen. Ferner weisen alle drei Gruppen 
(Marienkäfer, Schwimmkäfern und Libellen) stark 
reduzierte oder gar fehlende Calyces auf. Jedoch 
konnte für jede dieser Gruppen gezeigt werden, 
dass die Tiere einen funktionierenden Geruchssinn 
aufweisen (Iperti, 1965; Hodgson, 1953; 
Abjörnsson et al., 1997; Al Abassi et al., 2000; 
Herbst et al., 2011; Sarkar et al., 2013; Piersanti et 
al., 2014). 
Bei allen 15 Käferarten mit TKRP-ir-Substrukturen 
konnte gezeigt werden, dass die Immunreaktivität 
dieser Untereinheiten nicht von TKRP-ir-
Rezeptorneuronen der Antenne stammen, sondern 
dass stets TKRP-ir-lokale Interneuronen (LN) in die 
AL innervieren und für die TKRP-ir-Färbung der 
Substrukturen verantwortlich sind. Bei der Art 
Pachnoda ephippiata wurden Antennen-Backfills 
zusammen mit immunhistochemischen Färbungen 
gegen Synapsin und TKRP durchgeführt. Hier 
konnte bestätigt werden, dass die TKRP-ir-
Substrukturen nicht von der Antenne (also den 
olfaktorischen Sensor-Neuronen [OSN]) her 
innerviert werden, da die Backfills ausschließlich 
die Teile der Glomeruli labeln, die nicht zu den 
TKRP-ir-Substrukturen gehören. Hingegen 
projizieren die TKRP-ir LN fast ausschließlich in die 
TKRP-ir-Substrukturen. Diese Organisation von 
Neuronen ist in vergleichbarer Form von einigen 
Insekten (z.B. Bienen, Fliegen und Motten) 
bekannt, wo sich der Glomerulus in einen 
einzelnen inneren Kern – den Core – und einen 
einzelnen darumliegenden Cortex aufteilt. Auch 
bei diesen Arten wird lediglich der Cortex von den 
OSN innerviert (Koontz and Schneider, 1987, 
Homberg et al., 1989; Anton und Homberg, 1999; 
Galizia et al., 1999; Okada et al., 2009; Tanaka et 
al., 2012; Sinakevitch et al., 2013). Bei den AL von 
Bienen sind nur die Kerne der Glomeruli TKRP-ir.  
Bezüglich der Entstehungen dieser Substrukturen 
ist es vorstellbar, dass bei den Käfern die vielen 
TKRP-ir-Untereinheiten in einem Glomerulus das 
Resultat einer Verschmelzung mehrerer Glomeruli 
sind, welche ursprünglich jeweils aus einem Kern 
und einem Cortex bestanden. Alternativ wäre es 
vorstellbar, dass die LN beim Einwachsen in den 
Glomerulus in verschiedenen Teilabschnitten eines 
Glomerulus terminieren und dort jeweils zur 
Bildung individueller Cores führen, die von einem 
Cortex umgeben sind.  
Backfills einzelner Antennen-Sensillen und/oder 
transgene Linien, welche einen spezifischen 
Geruchsrezeptor der Antenne labeln, (bzw. 
Antikörper gegen solche Rezeptoren) könnten 
helfen, das genaue Schaltbild der Neuronen der 
TKRP-ir Untereinheiten besser zu verstehen.  
 
 
Finale Zusammenfassung, Diskussion und 
Ausblick 
In dieser Doktorarbeit wurde das Gehirn – speziell 
das Geruchssystem – von Käfern im Detail 
untersucht. Hierfür wurde eine Spezies – der 
Rotbraune Reismehlkäfer Tribolium castaneum – 
ausführlich analysiert. Dies beinhaltete unter 
anderem dessen Neuroanatomie, Verteilung von 
chemorezeptiven Rezeptorneuronen auf Antennen 
und Mundwerkzeugen und die Verteilung von 
Neuropeptiden im AL und MB. Zusätzlich wurde 
der AL von weiteren 62 Käferarten und die 
Verteilung von acht Neuropeptidfamilien im MB  
von 24 Insektenarten untersucht.  
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Das Gehirn von T. castaneum und sein 
olfaktorisches System 
Sowohl das Gehirn der adulten, als auch der 
larvalen Tiere (erstes Larvenstadium), weisen 
große Übereinstimmungen mit den jeweiligen 
Entwicklungsstadien anderer Insektenarten auf. 
Die vier Hauptneuropilgruppen sind stets zu 
erkennen (CBX, MB, OL und AL), wobei bei den 
Larven die OL nur als Anlagen vorliegen (Dreyer et 
al., 2010; Koniszewski et al., 2016). Die OL der 
adulten Tiere verfügen über eine LoP, welche 
bisher nur bei wenigen Insektenordnungen 
nachgewiesen werden konnte (Strausfeld, 2005). 
Interessant sind vor allem vier Charakteristika im 
Gehirn der adulten Tiere, welche teilweise so noch 
nie bei holometabolen Insekten bzw. generell bei 
Insekten beobachtet wurden (Dippel et al., 
eingereicht).   
1) Von mehreren Insektenarten ist bekannt, dass 
die Mundwerkzeuge primär gustatorische und die 
Antennen primär olfaktorische Funktionen erfüllen 
(Dahanukar et al., 2001; Bohbot et al., 2007; 
Vermehren-Schmaedick et al., 2011). Bei T. 
castaneum ist eine solche scharfe Abgrenzung 
jedoch nicht zu ziehen, da auf den Antennen 
vergleichbar viele GR exprimiert werden –  fast in 
derselben Konzentration wie auf den 
Mundwerkzeugen. Zusätzlich weisen die 
Mundwerkzeuge viele OR auf. Dies könnte darauf 
zurückzuführen sein, dass T. castaneum eine 
Lebensweise führt, durch die die Antennen der 
Tiere häufiger mit potentieller Nahrung in 
Berührung kommen. 
2) Im GNG konnten wir eine unpaare, glomerulär 
organisierte (30-40 Glomeruli) Struktur (GOC) 
identifizieren, welche sowohl von der partiell Orco 
labelnden Linie markiert wird, als auch von 
Backfills der Mundwerkzeuge. Diese Befunde 
implementieren sehr stark eine olfaktorische 
Funktion dieser Struktur, welche noch in keinem 
Insekt beschrieben wurde. 
3) Wir konnten in T. castaneum einen LG 
identifizieren, von dem es bisher hieß, dass er nicht 
in holometabolen Insekten zu finden ist (Ernst et 
al., 1977; Ignell et al., 2000; Schachtner et al., 
2005; Hofer et al., 2005; Farris, 2008).  
4) Wir konnten erstmalig bei Käfern zeigen, dass 
sie über drei, statt wie bisher angenommen nur 
über ein oder zwei ALT verfügen. (Galizia und 
Rössler, 2010). 
Punkt 1) lässt sich wie erörtert vermutlich über den 
Lebensstil der Käfer erklären  und  3) und 4) sind 
Beobachtungen, die zumindest aus anderen 
Insektenarten bekannt sind. Jedoch ist Punkt 2) ein 
Novum. Interessant ist hierbei, dass auf den 
Mundwerkzeugen 49 unterschiedliche OR 
exprimiert werden, wovon 28 signifikant hoch 
exprimiert werden (im Vergleich von 
Expressionsleveln der Mundwerkzeuge relativ zu 
denen des Körpers) und dass die Zahl der 
glomerulären Strukturen im GOC zwischen 30 und 
40 liegt (Dippel et al., eingereicht). Diese Relation 
(von OR zu glomerulären Strukturen) erinnert an 
das zentrale Dogma der Insekten-Olfaktorik, 
welches besagt, dass (typischerweise) ein OSN nur 
einen Typ spezifischer OR exprimiert und, dass alle 
OSN mit dem gleichen spezifischen OR auf 
denselben Glomerulus des AL verschalten. 
Bezüglich dieses Dogmas hat die Zahl der 
exprimierten speziellen OR gleich der Zahl der 
Glomeruli zu sein (Jefferis 2005; Vosshall und 
Stocker 2007; Kaupp 2010). Ob jedoch alle 
Neuronen der Mundwerkzeuge, die den gleichen 
spezifischen OR exprimieren, auch in dieselbe 
glomeruläre Struktur des GOC projizieren, ist 
unbekannt. Dies ließe sich über Backfills einzelner 
Sensillen der Mundwerkzeuge, über transgene 
Linien (die OR labeln, welche auf den 
Mundwerkzeugen exprimiert werden) oder über 
Antikörper gegen solche OR testen. Funktionelles 
Kalzium-Imaging mit gleichzeitiger olfaktorischer 
und/oder gustatorischer Stimulierung der 
Mundwerkzeuge könnte Aufschluss über die 
Funktion des GOC geben. Farbstoffinjektion in das 
GOC würde zeigen ob, bzw. mit welchen höheren 
geruchsverarbeiteten Gehirnrealen (z.B. MB oder 
LH) diese Struktur in Verbindung steht. 
Unsere Beobachtungen weisen darauf hin, dass 
unterschiedliche Arten im Laufe ihrer Evolution 
unterschiedliche Strategien und Modifikationen 
ihrer olfaktorischen neuronalen Netzwerke 
entwickelt haben, um sich ihrer Umwelt 
anzupassen. Dies betont die Notwendigkeit 
unterschiedliche Spezies zu untersuchen, statt sich 
in der Forschung vorwiegend auf einen oder 
wenige Modellorganismen zu stützen.  
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Neuropeptide in den geruchsverarbeitenden 
Gehirnzentren   
Wir untersuchten das Peptidom des AL und MB 
von T. castaneum mittels Massenspektrometrie 
und visualisierten die Verteilung der 
Neuropeptidfamilien in besagten Regionen mittels 
Immunhistochemie. Die massenspektrometrischen 
Untersuchungen ergaben gewebespezifische 
"Fingerabdrücke". Diese Technik kann zukünftig 
verwendet werden, um schnell und effektiv endo- 
und exogene Einflüsse auf die Expression von 
Neuropeptiden im Nervensystem von Insekten zu 
untersuchen (Binzer et al., 2013).  
Eine Untersuchung der Neuropeptidverteilung in 
den MB von 24 unterschiedlichen Insektenarten 
hat ergeben, dass deren Verteilungsmuster zwar 
innerhalb einer Ordnung teilweise konserviert sein 
kann, jedoch findet man in den meisten Fällen 
größere Abweichungen zwischen Arten innerhalb 
einer Ordnung und insbesondere zwischen den 
Ordnungen (Heuer et al., 2012). Die großen 
Variationen im Verteilungsmuster der 
Neuropeptide könnte mit der großen Bandbreite 
der Funktionen des MB innerhalb der Insekten in 
Verbindung stehen (Heuer et al., 2012). Um einen 
detaillierteren Einblick und dadurch ein besseres 
Verständnis über die Konservierung von 
Neuropeptiden in den MB (und anderen 
Neuropilen) der Insekten zu erlangen, wäre es 
erstrebenswert, die Verteilung eines einzelnen 
Neuropeptides in vielen Arten einer einzelnen 
Insektenordnung zu betrachten. Die Färbungen 
gegen TKRP in 63 Käferarten (Kollmann et al., 
eingereicht) wären zur Beantwortung dieser Frage 
ein hilfreicher Datensatz. 
Zusätzlich untersuchten wir die Neuropeptidfamilie 
ACP und deren Rezeptor in T. castaneum im Detail 
und verglichen es mit dem strukturell ähnlichen 
Neuropeptidfamilien AKH und CRZ. AKH und CRZ 
sind beide für die Bewältigung von metabolischem 
Stress von Bedeutung (Gade et al., 1997; Staubli et 
al., 2002; Veenstra, 1989; Tawfik et al., 1999; 
Zitnan et al., 2007). Die Funktion von ACP ist noch 
nicht genau bekannt, es hat in adulten Tieren 
keinen Einfluss auf Wachstum, Reproduktion und 
die Mortalitätsrate, jedoch werden das Peptid und 
der Rezeptor in späten Embryonen und frühen 
Larven stark exprimiert, was vermuten lässt, dass 
ACP für die frühe larvale Entwicklung und/oder 
Physiologie von Bedeutung ist (Hansen et al., 
2010).   
Trotz der großen strukturellen Ähnlichkeit der drei 
Neuropeptide, bzw. deren Rezeptoren, kann der 
AKH-Rezeptor weder von CRZ oder ACP aktiviert 
werden, noch kann der CRZ-Rezeptor von AKH 
oder ACP aktiviert werden (Staubli et al., 2002; 
Cazzamali et al., 2002; Belmont et al., 2006). 
Ferner kann der ACP-Rezeptor nicht von AKH oder 
CRZ aktiviert werden (Hansen et al., 2010). 
Basierend auf den großen strukturellen 
Ähnlichkeiten der Peptide, bzw. der Rezeptoren 
und ihrer starken phylogenetischen 
Verwandtschaft zueinander (auch in anderen 
Taxa), ist davon auszugehen, dass die drei 
Neuropeptide, bzw. deren Rezeptoren, durch 
Genduplikation aus einem gemeinsamen Vorläufer 
entstanden sind (Hansen et al., 2010).  
 
Der AL der Käfer und die Architektur ihrer 
Glomeruli 
Bei den detaillierten Untersuchungen der 
Architektur der AL von 63 Käferarten fanden wir 
neben den AL mit runden, sphärischen Glomeruli – 
wie sie bei den meisten Insekten beschrieben 
werden (Schachtner et al., 2005) – in sieben 
Spezies eine Vielzahl sehr kleiner Glomeruli, 
vergleichbar mit den Mikroglomeruli der Acrididae 
(Ignell et al., 2001; Schachtner et al., 2005). In 26 
weiteren Arten wiesen die Glomeruli eine 
Substruktur auf, in 15 dieser Arten waren diese 
Substrukturen TKRP-ir. In zusätzlichen 12 Arten gab 
es schwache Anhaltspunkte zur Existenz von (nicht 
TRKR-ir) Substrukturen. Die Zahl der Glomeruli pro 
AL liegt zwischen 50 und 150, bzw. zwischen 400 
und 1.000 Mikroglomeruli. Sowohl Mikroglomeruli 
als auch Substrukturen konnten in 
unterschiedlichen Familien verteilt im ganzen 
Stammbaum der Käfer gefunden werden, was 
vermuten lässt, dass es sich dabei jeweils um 
unabhängige Entwicklungen handelt (Kollmann et 
al., eingereicht). 
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Einige Autoren beschrieben bereits Mikroglomeruli 
in den AL von Schwimmkäfern (Hanström, 1940; 
Panov, 2013), andere Autoren beschrieben dessen 
AL jedoch als aglomerulär (e.g. Strausfeld et al., 
1998; Strausfeld et al., 2009). Eigene Befunde der 
zwei untersuchten Schwimmkäferarten zeigen 
einen eindeutig mikroglomerulär organisierten AL. 
Ebenfalls die fünf untersuchten Marienkäfer Arten 
zeigen einen mikroglomerulären AL (Kollmann et 
al., eingereicht). 
In den meisten Fällen lässt sich erkennen, dass 
diese Substrukturen gleichmäßig im AL verteilt 
liegen und von detaillierteren Untersuchungen von 
A. tumida ist sowohl bekannt, dass die Zahl der 
Substrukturen linear mit der Größe der Glomeruli 
korreliert als auch, dass es offensichtlich keinen 
Sexualdimorphismus gibt (Kollmann et al., 2016). 
Backfills in P. ephippiata zeigten, dass diese 
Substrukturen nicht von OSN innerviert werden. 
wohingegen TKRP-ir LN fast ausschließlich die 
TKRP-ir-Substrukturen innervieren (Kollmann et al., 
eingereicht).   
Substrukturierte Glomeruli konnten bereits in 
vereinzelten Insektenarten beobachtet werden 
(A. mellifera, D. melanogaster und vereinzelten 
Lepidoptera-Arten) (Koontz and Schneider, 1987; 
Sinakevitch et al., 2013). In diesen Arten kann 
jeder Glomerulus in zwei Regionen aufgeteilt 
werden: In einen einzelnen Kern und in eine 
einzelne Rinde (nur letztere wird von OSN 
innerviert). In G. bimaculatus wurden multiple 
Substrukturen pro Glomerulus beobachtet, jedoch 
sind hier die Substrukturen von OSN innerviert 
(Ignell et al., 2001). Die Substrukturen von A. 
mellifera, D. melanogaster, vereinzelten 
Lepidoptera-Arten und G. bimaculatus 
unterschieden sich in ihrer Organisation erheblich 
von denen der Coleoptera, wodurch die 
Substrukturen der Käfer als einzigartig innerhalb 
der Insekten zu bezeichnen sind.  
Wir postulieren zwei Hypothesen, woher diese 
Substrukturen der Käfer stammen könnten. 
Entweder sind sie das Resultat einer 
Verschmelzung von mehreren Glomeruli, welche 
sich in zwei Regionen aufteilen lassen (wie z.B. bei 
A. mellifera), oder das Resultat einer 
Kompartimentierung solcher Glomeruli. Transgene 
Linien, welche einzelne OR labeln, oder Antikörper 
gegen einzelne OR könnten dabei helfen, die 
detaillierte Architektur und eventuell die 
Entstehung dieser Substrukturen der Käfer zu 
verstehen (Kollmann et al., eingereicht). 
 
Resümee 
In dieser Doktorarbeit wurde die Neuroarchitektur 
des Gehirns – speziell das Geruchssystem – von 
Käfern erstmalig detailliert untersucht. Dadurch 
entstanden neue Erkenntnisse über das 
Geruchsystem (bzw. das chemorezeptive System) 
der Käfer, der größten und diversesten Ordnung im 
Reich der Tiere. Diese Erkenntnisse sind äußerst 
hilfreich bei der Etablierung von T. castaneum als 
ersten Käfer-Modellorganismus in der 
Neurobiologie, speziell für die Erforschung der 
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